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ABSTRACT

We report the synthesis and characterization of PEEK-MAX (Ti3SiC2, Ti3AlC2,
and Cr2AlC), and PEEK-MoAlB, (DDGS500 – pyrolyzed Distiller’s dried grains with
soluble (DDGS)), metal (Mo) and PEEK-ceramic (Xonotlite) based PEEK composites,
by hot-pressing. A systematic study was done to understand the effect of these additives
on functional and mechanical properties. Initially, these composites were synthesized by
hot pressing. Detailed microstructure analysis by scanning electron microscopy showed
that at higher concentration (≥10 vol%), the Ti3SiC2, Ti3AlC2 and PEEK-MoAlB particles
segregated at the phase boundaries and formed interpenetrating micro-networks. PEEKCr2AlC were well dispersed in the PEEK matrix. Microstructure study of the composites
showed that DDGS500 powder particulates were well dispersed within the PEEK matrix
after the addition of 5 vol%. However, at higher concentration of 10 and 20 vol%, the
particles segregated at the phase boundaries. Mo and Xonotlite particles were segregated
at the phase boundaries even at 5 vol% concentration. The addition of MAX phases or
MoAlB reduced the crystallization temperature and melting point of these composites.
PEEK reinforced with 10 vol% Ti3SiC2, Ti3AlC2 and MoAlB showed plastic failure, and
higher strength than PEEK. Comparatively, PEEK reinforced with 10 vol% Cr2AlC did
not show any enhancement. All the PEEK-MAX and PEEK-MoAlB composites showed
triboactive behavior and enhanced wear resistance. The addition of DDGS500, PEEKMo and PEEK-Xonotlite particulates lowered the wear rate until 10 vol% by several
orders of magnitude and stabilized the friction coefficient (μ) versus distance profile.
xiv

PEEK-20 vol% Xonotlite which showed hydrophilic behavior with a decrease in contact
angle as a function of time which shows that Xonotlite can be a promising additive for
increasing hydrophilicity of PEEK based composites for biomedical applications. PEEK
composites fluid lubrication tribology behavior was also studied in the presence of
distilled deionized water and simulated body fluid (SBF). PEEK composites showed
improvement in the tribological behavior. In addition, PEEK composites immersed in
SBF, also shown formation of bone growth.

……

xv

CHAPTER I: INTRODUCTION

1.1 Polyetheretherketone PEEK
Polyether ether ketone (PEEK) has the advantages of good wear resistance, high
impact strength, fatigue resistance, chemical resistance, high temperature resistant grade,
flame retardant radiation resistance, and excellent electrical properties. Based on these
properties, PEEK has become a crucial key material for the wide applications in the fields
of biomedical, aerospace, coatings, electrical and electronic, automotive, power, energy,
machinery, and paints [1]. PEEK can operate under high ionizing radiation as it has a
very stable chemical structure [2]. It has excellent chemical, mechanical and biological
properties [3,4]. In biomedical applications the most prominent application of PEEK is
its use as an orthopedic implant. PEEK’s biomechanical properties are close to human
bones, which can reduce the risk of bone osteolysis and resorption that caused by the
stress shielding effect of implants.
1.2 PEEK Applications in the Biomedical field
PEEK has outstanding properties like high mechanical strength, good wear
resistance, chemical resistance, thermal stability, and anti-corrosive nature. In addition
to these properties PEEK is resistant to degradation which is the desirable characteristic
for future in many applications. All these properties make PEEK one of the important
engineering polymers. These characteristics are particularly advantageous for the
applications in the automotive, aerospace, biomedical industries [5,6].
1

PEEK composites could be possibly used in orthopedic applications as PEEK has
elastic modulus like that of human bone. PEEK began as the leading high-performance
thermoplastic polymeric material by late 1990s for replacing metals in implant, especially
in orthopedics and trauma [7,8]. In vivo simulated degradation study of PEEK found that
PEEK was resistant to degradation, including the damage which is caused by lipid
exposure. [9,10]. PEEK has a melting point of 343 ◦C and during the modeling process
needs to be heated to more than 380 ◦C but traditional printers cannot reach such a high
temperature. The printed PEEK as compared to other materials is more likely to
experience a greater thermal gradient. Due to this reason, it is more prone to warp and
deform during the printing process as this seriously affects the performance of the
product.
In the biomedical field PEEK has application with Titanium and its alloys because
PEEK shows compatibility with titanium. The experimental results of multi-material
cellular structure of Ti6Al4V-PEEK showed that that the inclusion of PEEK improved
the tribological performance of the structure and protected the cellular structure of
Ti6Al4V. In the advancement study of the same structure, it was found that, this structure
had high wear resistance. The Ti6Al4V cellular structures showed lesser mass loss of 40%
and 62% as compared with conventional cast/forged implant materials respectively. In
these studies, multi-material Ti6Al4V-PEEK cellular structure design was a potential
replacement to fully dense metals which are presently used in orthopedic implant
applications [11,12].

2

In one study Petrovic et al. [13] observed that PEEK with β tri-calcium phosphate
(βTCP) has similar mechanical properties as of human bone as well as high
biocompatibility. But for osteoblast cell proliferation no beneficial effects were observed.
PEEK is an inert and stable material in vivo [13] and does not exhibit cytotoxic,
mutagenic reaction [14]. According to Wenz et al. study results, PEEK does not show an
allergic reaction [15].
Though PEEK is a well-known super-engineered plastic with excellent mechanical
and chemical properties, but it has a low surface energy which restricts its use in many
relevant industrial applications. That is why there is a requirement for surface
modification. Generally, PEEK is an inactive and hydrophobic material because of its
chemical inertness and low surface energy. Mixing other materials in the PEEK such as
glass fiber, carbon fiber etc. can significantly increase the mechanical strength but the
surface properties remain almost the same. This is the reason PEEK, and its composites
shows poor adhesion properties which becomes a main hindrance in the various industrial
applications like aerospace, automotive, biomedical etc. That is why there is a need to
enhance the adhesion of PEEK with different materials and surface modification
strategies are also well needed [16,17].
In this thesis we will explore different novel PEEK based composites synthesis and
characterization with a special emphasize on mechanical and tribological properties, their
wettability study to evaluate the water contact angle, antimicrobial behavior, and invitro
bone growth in the simulated body fluid (SBF).

3

1.3 Organization of Thesis
Following the brief introductory chapter, four other chapters are written to describe
the design and characterization of different generations of novel PEEK composites. After
the introductory Chapter I, the rest of the thesis is organized as: (a) Chapter II which is
focused on the design and characterization of the PEEK-MAX and PEEK-MAB
composites, (b) Chapter III is focused on the design of PEEK-Polymer, PEEK- Metal and
PEEK-Ceramic composites synthesis and characterization, (c) Chapter IV is focused on
fluid tribology and bone growth study in vitro in simulated body fluid (SBF). Finally, the
Chapter V describes the synthesis and characterization of PEEK based multi component
composites. In addition, recommendations will also be given for future work.
Chapter II “On the potential of polyetheretherketone matrix composites reinforced
with ternary nanolaminates for tribological and biomedical applications is published
(DOI: 10.1002/app.49980) in the Journal of Applied Polymer Science. Chapter III
"Synthesis and Characterization of Engineered PEEK-based Composites for Enhanced
Tribological and Mechanical Performance” is accepted for publication in the Journal of
Applied Polymer Science (Research Article, No. app.20220960R2). In addition, I have
included a study on biocomposites for automobile applications in the appendix section,
which is published in the Advanced Materials and processes, May/June, 180 (4).
May_June_2022_AMP_Digital (asminternational.org)
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Figure 1. 1 Design paradigm of this Dissertation

Figure 1.1 Design Paradigm of PEEK Matrix Composites is a part of this dissertation starting from chapter
2.
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CHAPTER II: ON THE POTENTIAL OF POLYETHERETHERKETONE
MATRIX COMPOSITES REINFORCED WITH TERNARY
NANOLAMINATES FOR TRIBOLOGICAL AND BIOMEDICAL
APPLICATIONS

2.1 Introduction
Polyetheretherketone (PEEK), a semicrystalline thermoplastic polymer, is a
promising biocompatible material for different biomedical applications like surgical,
musculoskeletal, and bone-related implants. PEEK is a bioinert material as it does not
react or interact with human tissues by releasing ions and/or deleterious chemical
reactions. The above-mentioned characteristics make this material an excellent choice as
template for composition engineering [1- 3]. Katzera et al. [4] showed by in vitro testing
that PEEK did not show any cytotoxicity nor mutagenicity when tested with various
genotypes of salmonella bacterium. PEEK is also a magnetic resonance imaging (MRI)
compatible material as compared to metallic implants like Ti which causes disruption in
the imaging process [5]. PEEK has an inherent hydrophobic nature which decreases its
potential to interact with cell and protein which in turn hampers its integration with bone
(osteointegration) and reduces tissue (wound) healing [2, 6].
Different investigators have proposed innovative procedures like “plasma
immersion ion implantation and deposition technique” [6], and reinforcements with
different additives [7, 8] to enhance the hydrophilic and consequently the bioactive
behavior of PEEK. Awaja et al. [6] showed the deposition of oxygen rich nanofilms
(authors referred to them as “sticky thin film’’) by plasma immersion ion implantation
6

and deposition technique can improve the attachment of cell (up to 75%) and wettability
(up to 81%). Jung et al. [7] reported that PEEK reinforced with Ti did not show any
cytotoxicity towards pre-osteoblasts MC3T3-E1 cells. These composites also displayed
enhanced in vitro biocompatibility and MRI compatibility. Their study found that pre‐
osteoblasts MC3T3‐E1 cells were weakly attaching to PEEK surface as compared to
PEEK-Ti composites where cells were locally interacting with Ti and was getting
attached to it preferentially. Ma et al. [8] showed that the addition of nano-Calcium
Silicate (nCS) in PEEK enhanced the mechanical behavior, hydrophilicity, and provided
a better interactive surface with preosteoblastic MC3T3- E1 cells by promoting cell
growth and proliferation as compared to PEEK. Further research is needed to further
understand and enhance the properties of PEEK based composites by experimenting with
different engineered additives.
Mahesh et al. [9] reported that Ti3SiC2 particulates enhanced the wear resistance
and mechanical strength of Polyaryletherketone (PAEK). Ghosh et al. [10] also reported
that the tribological behavior of PEEK composites can be enhanced by using Ti3SiC2
additives. Ti3SiC2 reinforcements have also enhanced the triboactive behavior of
UWMWPE, epoxy, and Poly lactic acid (PLA) based composites [11-13]. Ti3SiC2
belongs to a family of nano laminated ternary and quaternary carbides and nitrides which
are referred to as MAX phases [14-19]. MAX is a shorthand notation for Mn+1AXn phases
stands for where M is an early transition metal element, A is an A-group element, X is C
or N phases and n is 1, 2, or 3 [please refer to Barsoum [14] for detailed template
definition of these phases which is widely accepted in literature]. From microstructural
perspective, these solids have a unique nanolaminate structure and chemical diversity
7

which can further broaden the repertoire of design engineers. In a recent review, Sokol
et al. [17] have documented that there are ≈155 MAX compositions, and 16 A elements
and 14 M elements which can be incorporated in these phases. Recently, B-containing
ternary compounds have also attracted attention as a promising material for structural
applications. Kota et al. [20] reported that MoAlB has excellent potential as a structural
material. MoAlB belongs to a family of borides called MAB phases. The properties of
MAB phases are intermediate between MAX phases and their binary counterparts [21].
The main objective of this paper is to explore the processing-microstructureproperties space of PEEK matrix composites by adding Ti3SiC2, Ti3AlC2, and Cr2AlC
(MAX phases) and MoAlB particulates as reinforcements to enhance the properties of
PEEK. In addition, a thorough literature survey on different types of reinforcements in
PEEK matrix composites will be presented in the results and discussion section for
comparison [22-36].
2.2 Experimental details
2.2.1 Processing of samples
In this study, four different composite systems were studied, PEEK-Ti3SiC2,
PEEK- Ti3AlC2, PEEK-Cr2AlC, and PEEK-MoAlB by hot pressing. For fabricating
composites, PEEK (average particle size 20 µm, Goodfellow Cambridge Limited,
Huntingdon, England) and Ti3SiC2 (-325 mesh, Kanthal, Hallstahammar, Sweden)
powders were procured commercially. In addition, Cr2AlC (-325 mesh,), MoAlB (-325
mesh), and Ti3AlC2 (-325 mesh) powders were synthesized in the lab. These powders
were fabricated by using the procedure outline in Ref. 13. Briefly, the mixed precursor
8

powders of Cr2AlC, MoAlB and Ti3AlC2 powders were cold pressed, and annealed at
750 oC for 2h at a ramp rate of 10 oC/min. Thereafter, the annealed samples were heat
treated to 1350 oC, 1550 oC and 1400 oC for 120 min in a tube furnace under flowing Ar,
respectively [13]. All the particles had irregular surfaces because of the ball milling
process [Appendix A].
For each composite system, three different compositions of MRP (MAX reinforced
polymers) with 5, 10, and 20 vol% reinforcement were fabricated [13]. Following
nomenclature is used to designate the composites: PEEK–5%Ti3SiC2 means that PEEK
is reinforced with 5 vol% Ti3SiC2. All the compositions were fabricated by hot-pressing
of the mixed feedstock particulates. Initially, the calculated amount of powders was
mixed by dry milling in a ball mill (Model8000 M mixer Mill, SPEX SamplePrep,
Metuchen, NJ) for 5 minutes by using two PMMA (poly methyl methacrylate) balls.
Thereafter, the powders were poured in a die and cold pressed (Model MTI Corp,
Richmond, CA) by using ~175.65 MPa for 30 s (the cold pressing cycle was repeated
twice). The cold pressed compacts were then hot pressed (Model TF 1200X, MTI Corp,
Richmond CA) in atmospheric air at 500 oC and at a compressive stress of ~117.3 MPa
after heating the samples at 10° C /min to 500 °C. After reaching 500 oC, the metal die
was held at 500 °C for 5 min, and then the required amount of uniaxial stress was applied
for 5 min, and then the sample was cooled down. Please note, this was the measured
temperature inside the furnace. We do not have experimental capability to measure the
exact temperature of the sample inside the die. The hot- pressed samples were then
demolded from the die and used for further characterization. Pure PEEK samples were also
fabricated, by same above-mentioned procedure.
9

2.2.2 Microstructure, wettability, mechanical behavior, and tribological
studies
All the samples were polished until ~1 µm finishing for microstructure, wettability,
hardness, and tribological studies. Surface roughness of the samples was measured with
a surface profilometer (Surfcom 480A, Tokyo Seimitsu Co. Ltd., Japan). An average of
nine readings (3 sets of readings from 3 samples for each composition) was performed
for each composition to determine the surface roughness. Table 2.1 summarizes the Ra
(arithmetic surface roughness) of each composition.
For documenting microstructure, SE (Secondary Electron) and BSE (Back
Scattered Electron) images were obtained by using a JEOL JSM-6490LV Scanning
Electron Microscope (JEOL USA, Inc., Peabody, Massachusetts) after mounting the
samples on aluminum mounts. All the mounted samples were coated with Au/Pd by using
a Balzers SCD 030 sputter coater (BAL- TEC RMC, Tucson, AZ). The chemical
information was obtained by using Thermo Nanotrace Energy Dispersive X-ray detector
with NSS-300e acquisition [10, 11, 13].
Contact angle measurement was done by an angle analyzer (FTÅ 125, First Ten
Angstroms, Inc., Portsmouth, VA) in North Dakota State University (NDSU). In this
study, a sessile drop of deionized (DI) water was dropped by a needle (CAD7932-12EA,
Sigma-Aldrich, gauge 20). A snapshot of the drop on the surface taken after 10 s. FTA32
software was then used to calculate the contact angle by manual fitting. An average of
three readings for each composition is reported in the paper.

10

The porosity (%) was determined by using the protocol developed in our research
group [10, 11, 13]. It consists of following steps: (a) determine the theoretical density of
the composites (ρth) by using theoretical density of PEEK and MAX or MoAlB feedstock
powders by using Rule of mixture method, (b) measurements of mass and dimensions
(height and diameter) by using a Vernier Caliper where a set of three measurements were
performed at randomized locations, (c) calculation of the experimental density (ρE) of the
cylindrical samples, and (d) calculation of the percentage porosity (P (%)) by using
Equation (I).
ρE

𝑃(%) = (1 − 𝑝 ) x 100 --------------------------- (I)
𝑇ℎ

Vicker’s hardness (Mitutoyo HM-112, Mitutoyo Corporation, Aurora, IL)
measurements were done by indenting the samples at a load of 4.9 N for 15 s. An average
of five readings was taken for each composite.
Shimadzu Universal Testing Machine (Shimadzu AG-IS UTM, Shimadzu
Scientific Instruments Inc., Columbia, MD) was used for compressive tests with 5 kN
load cell. All the testing were performed at a deflection rate of 0.5 mm/min.
Composites were machined into ~3x~3×~3 mm cubes for studying the compressive
behavior of all composites. For each composition, a set of five samples was tested. In
this paper, the ultimate compressive strength (UCS) is the defined as the maximum
compressive strength attained by a sample before final failure.

11

Tribological measurements during dry sliding were performed by using a ball-ondisc tribometer (CSM Instruments SA, Peseux, Switzerland) by using 100Cr6 stainless
steel balls against hot pressed PEEK composites. The experimental conditions used during
these studies were 5 N, ~50 cm/s linear speed, ~10 mm track radius, and a sliding distance
of 2000 m, respectively. In order to understand the spread of data for each composition,
an average from three mean friction coefficients for each composition was taken and is
reported as µmean. The Specific Wear Rate of a single experiment was done by using Eq.
1b. Thereafter, the total Specific Wear Rate from both the counterparts is calculated then
mean Specific Wear Rate was determined by using an average of three readings and will
be referred to as WR in the text. A weighing scale (Model XA82/220/2X, Radwag
Balances and Scales, Poland) was used to measure the mass of the stainless steel’s balls
and PEEK samples before and after the testing.
WR= (mi – mf) / (ρth.N.d.). ………………. (II)
where, mi is the initial mass before the testing, mf is the final mass after tribology
testing, ρth is density of the composite, N is the applied load, and d is the total distance
covered by the sample during the tribology testing. WR is reported in mm3/Nm
[10,11,13]. In order to make the tribosurface conductive for evaluation by SEM
microscopy, Balzers SCD 030 sputter coater (BAL-TEC RMC, Tucson AZ USA) was
used to coat the polymer-based samples mounted on Al mounts after tribology testing by
Au/Pd.
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Table 2. 1 Typical surface roughness of PEEK based compositions.

2.2.3 Thermal Behavior
Differential Scanning Calorimetry (DSC Q1000, TA Instruments, New Castle, DE
19720) was used to investigate the melting (Tm) and crystallization (Tc) temperatures.
Xc (%) = [(ΔHf)/ (wf .ΔHfo)] x 100 ----------------------------(III)

During DSC measurements two cycles were done, (a) Heating Cycle: samples were
13
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heated at 20 oC/min from RT to 400 oC (heating cycle) and (b) Cooling Cycle: samples
were furnace cooled to RT. For comparing the effect of MAX or MoAlB particulates on
thermal properties, Tm and Tc were determined manually by using the software from TA.
The percentage crystallization (Xc (%)) of the composites was calculated by using Eq. Ic.
In this equation, ΔHf is heat of fusion and wf is the weight fraction of the composites [26].
ΔHf was determined by integrating the DSC peak at Tm by using linear peak integration
feature of the TA software. In addition, ΔH o is the enthalpy of fusion of 100% crystalline
PEEK (130 J/g) [37].
2.2.4 Microbial Studies by Agar Disk Diffusion Method
Agar disk-diffusion method is a credible method for studying the effect of different
materials on microorganisms [38]. Briefly, small quantity (inoculum) of microorganism
was infiltrated in agar plates. Thereafter, filter paper discs with the tailored concentration
of samples were placed at the center of agar plates which is then followed by incubation.
If the material has anti-microbial properties, the material infiltrated in the filter discs can
inhibit growth, and inhibition zone (these are regions where no microbial growth is
present) is consequently observed [34].
In this study, two nonpathogenic bacterial strains, Gram-negative Escherichia coli
(E. coli) (IS3902, freeze dried bacteria culture, Aldon corporation, Avon, NY) and Grampositive Staphylococcus epidermis (S.epi) (IS3906, freeze dried bacteria culture, Aldon
corporation, Avon, NY) were used. For the bacterial culture preparation, 20 g/L of Luria
Bertani Broth (LB Broth,
Sigma- Aldrich Sigma Aldrich, St. Louis, MO) was mixed in DI water (Deionized
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water) by stirring with a glass rod. The mixture was homogenized and autoclaved at 121
°C for 15 min and was then allowed to cool down to room temperature (RT). A sterile
pipette was used to take 1 mL of the autoclaved mixture and it was then poured into a
lyophilized pellet of either E. coli or S.epi vial to rehydrate. After saturation for 30 s, the
rehydrated pellet mixture was withdrawn and expelled 3-4 times for homogenous mixing.
The mixture from the vial was then transferred back to ~200 ml of LB broth medium
aseptically. The suspension was then gently mixed by stirring and then placed in an
incubator for 24 h at 37 ºC. Thereafter, this inoculum for further growth was stored at 4
ºC in a refrigerator.
Appropriate amount of LB agar (LB Agar, Sigma Aldrich, St. Louis, MO) powder
was dispersed in DI water to get a mixture with a concentration of ~40 g/L. The mixture
was then stirred by using a Teflon coated magnetic stirrer at 85°C for 20-25 min or longer
until the mixture became a clear suspension. The clear suspension was autoclaved at 121
°C for 15 min and then it was cooled to 37 ºC to make LB agar solution. Thereafter, 10
µl of inoculum was added to 100 mL of the LB agar solution, and then it was gently mixed
by stirring. After this, ~5 ml of inoculum- agar solution was poured in sterilized petri
plates. A circular piece of filter paper with a diameter of ~0.94 cm was cut from
WhatmanTM filter paper (Grade 5 Qualitative, Cat. No.1000-42, GE Healthcare Life
Science, Pittsburgh, PA) by using a craft punch. It was then autoclaved at 121 oC for 15
min. Autoclaved WhatmanTM filter paper was then positioned at the center of the petri
plates after the inoculum-agar solution has solidified on the petri plate.
For infiltration of filter paper with a desired suspension, ~0.3 g of PEEK powder was
mixed with 300 µl DI water. In all the other compositions, ~0.3 g powder was mixed
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with 100 µl DI water. Thereafter, in all cases, the powder and DI water were mixed with
a pipette tip to get a slurry. Thereafter, 10 µl sample of slurry was poured on the filter
paper disc with the help of pipette on the solidified petri plate. The petri plates were then
incubated at 37 ºC for 48 h. If zones of inhibition were observed, then a digital Vernier
caliper was used to measure the inhibition in mm after 24 h and 48 h. The pictures of the
petri plates were taken by using Galaxy S8+ camera.
2.3 Result and Discussion
2.3.1 Microstructure Analysis
Figure 2.1 shows the microstructure of PEEK-Ti3SiC2 samples. Ti3SiC2 particles
are well dispersed in the PEEK matrix after the addition of 5 vol% Ti3SiC2 (Figs. 1 a-b).
Mahesh et al. [9] also observed that Ti3SiC2 particulates are well dispersed in
polyaryletherketone (PAEK) polymer matrix at volume fraction (Vf) of 0.05, 0.10, 0.20
and 0.30 Ti3SiC2 after hot-pressing at a pressure of ~100 MPa and a temperature of 350
o

C [see Fig. 2 in Ref. 9].
Comparatively, at higher concentration (≥10 vol%), the Ti3SiC2 particles

segregated at the phase or particle boundaries and formed micro-networks with PEEK
(Figs. 2.1d and 2.1f). The characteristic features of micro-networks ensemble are the
presence of polymer core surrounded by a shell of PEEK-Ti3SiC2 network. Mahesh et al.
[9] fabricated their compositions at lower temperatures which may account for the less
tendency of segregations in their samples as the blend was viscous during hot pressing at
lower temperatures. Ghosh et al. [10] observed similar segregation of Ti3SiC2 particulates
in the PEEK matrix. In Ultra High Molecular Weight Polyethylene (UHMWPE)-Ti3SiC2
16

composites similar segregation at the phase boundaries was observed [11]. Jung et al. [7]
fabricated PEEK-Ti composites at 370 oC by compression molding. They did not observe
any signs of segregation in the concentration range of 15-60 vol% Ti (Fig. 3, Ref. 7]. Ma
et al. [8] fabricated 40 wt % n-CS/PEEK by injection molding at 380 oC. They also
observe discrete particles of CS in PEEK [Fig.1, Ref. 8].
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Figure 2. 1 SEM image of PEEK-Ti3SiC2 Composites
Figure 2.1 SEM SE image of the polished surface of, (a) PEEK-5%Ti3SiC2, (b) BSE image of
the same region, (c) PEEK- 10%Ti3SiC2, (d) BSE image of the same region, (e) PEEK-20%
Ti3SiC2, and (f) BSE image of the same region. PEEK, polyetheretherketone; secondary
electron; BSE, back scattered electron; SEM, scanning electron microscopy.
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Figure 2.2 SEM SE image of the polished surface of, (a) PEEK-5%Ti3AlC2, (b) BSE image of
the same region, (c) PEEK- 10%Ti3AlC2, (d) BSE image of the same region, (e) PEEK-20%
Ti3AlC2, and (f) BSE image of the same region. PEEK, polyetheretherketone; secondary
electron; BSE, back scattered electron; SEM, scanning electron microscopy.
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Figure 2. 3 SEM image of PEEK-Cr2AlC Composites
Figure 2.3 SEM SE image of the polished surface of: (a) PEEK-5%Cr2AlC, (b) BSE image of
the same region, (c) PEEK-10% Cr2AlC, (d) BSE image of the same region, (e) PEEK- 20%
Cr2AlC, and (f) BSE image of the same region

.
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Figure 2. 4 SEM image of PEEK-MoAlB Composites
Figure 2.4 SEM SE image of the polished surface of: (a) PEEK-5%MoAlB, (b) BSE image of
the same region, (c) PEEK-10% MoAlB, (d) BSE image of the same region, (e) PEEK-20%
MoAlB, and (f) BSE image of the same region.
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PEEK-Ti3AlC2 showed similar trend where Ti3AlC2 particulates were well
dispersed at 5 vol% reinforcement in the PEEK matrix (Figs. 2.2a-b), however at higher
concentrations Ti3AlC2 segregated and formed micro-networks at the phase boundaries
(micro-network ensemble) (Figs. 2.2c-e). PEEK-Cr2AlC showed a different behavior
where Cr2AlC particulates were well dispersed in the PEEK at all concentrations (Fig.
2.3). Comparatively, in PEEK-MoAlB composites, similar clustering, and micronetwork between MoAlB particulates and PEEK was observed during the studied
experimental volume range of 5-20 vol% MoAlB additions (Fig. 2.4). At this juncture,
the exact mechanism(s) of segregation and/or micro-network formation in different MAX
or MoAlB – PEEK composites are not clear which may be due to a combination of, (a)
interaction between MAX or MoAlB with PEEK, which is causing dewetting, (b) particle
size distribution, and (c) particle topography/geometry (Figs. 2.1-2.4). Currently, the
authors are studying the effect of these parameters on the synthesis of next generation
composites by tailoring particle size and/or morphology.
2.3.3 Porosity, Hardness and Mechanical behavior
During this study, the hot-pressed PEEK had a porosity of ~1.68% as compared to
~2.71%, ~2.15%, ~2.31, and ~3.03% after the addition of 5 vol% Ti3SiC2, Ti3AlC2,
Cr2AlC, and MoAlB, respectively. After the addition of 10 and 20 vol% reinforcements,
the porosity of the samples gradually increased with concentration of the particulates and
was dependent of the type of reinforcement added in the matrix. For example, PEEK20%Ti3SiC2, PEEK-20%Ti3SiC2, PEEK- 20%Cr2AlC, and PEEK-MoAlB had a porosity
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of 7.94%, 4.22%, 6.87%, and 7.75%, respectively.
Comparatively, Ghosh et al. [10] observed higher porosity in PEEK- Ti3SiC2
compositions which were fabricated at 450 oC under a uniaxial compressive stress of ~120
MPa, for example PEEK-20%Ti3SiC2 had ~20% porosity (inset of Fig. 2.5a). This result
shows that it is possible to promote better densification of PEEK-MAX or PEEK-MoAlB
composites if the samples are processed above the melting point of PEEK. This
processing condition can also account for the clustering and micro-network formation in
the PEEK-matrix composites. The presence of harder MAX phase particles constrained
the densification of PEEK matrix during hot-pressing which resulted in higher porosity
of MAX or MoAlB-rich PEEK-based compositions (Figure 2.5(a)).
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Figure 2. 5 The Plot of Porosity and Hardness
Figure 2.5. Plot of, (a) Porosity (inset shows the data from Ref. 10) and (b) Hardness of
PEEKTi3SiC2, PEEK- Ti3AlC2, PEEK-Cr2AlC and PEEK-MoAlB composites
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Figure 2.5b plots the hardness of PEEK based composites as a function of MAX
or MoAlB concentration. It is well established in literature that MoAlB with a hardness
of ~10.6 GPa [20] is comparatively harder than Ti3SiC2, Ti3AlC2, and Cr2AlC which have
hardness values of ~4, ~3.5, and ~5.2 GPa, respectively [15, 18, 19]. Experimentally, we
also observed that the hardness of composites increased gradually after the addition of
harder MAX or MoAlB additives (Fig. 2.5b). The PEEK-20%Ti3SiC2, PEEK20%Ti3AlC2, PEEK-20%Cr2AlC, and PEEK-20%MoAlB compositions had hardness
of ~332, ~313, ~302 and ~356 MPa as compared to ~293 MPa in PEEK samples. If we
look at the data carefully, PEEK-Cr2AlC composites showed lower hardness than PEEKTi3SiC2 and PEEK-Ti3AlC2 although Cr2AlC is harder than both Ti3SiC2 and Ti3AlC2. If
we compare the microstructures of PEEK-Ti3SiC2, PEEK-Ti3AlC2, and PEEK-Cr2AlC
then PEEK-Ti3SiC2 and PEEK-Ti3AlC2 systems showed noticeable clustering and micronetwork formation as compared to PEEK-Cr2AlC composites (Figs. 2.1-2.3). As
discussed earlier, all the composites have similar porosity after the addition of 5%
reinforcement, thus the formation of micro-network and clustering can account for the
higher hardness in PEEK-Ti3SiC2 and PEEK- Ti3AlC2 as compared to PEEK-Cr2AlC
composites.
All the three PEEK-MAX composites have lower hardness than the PEEK-MoAlB
composites as MoAlB particulates are appreciably harder than MAX phases and these
composites also showed cluster and micro-network formation. It is further hypothesized
that by lowering porosity, controlling particle size (using nanoparticles), and/or
controlling cluster and/or micro-network formation, the hardness values of these
composites can be further enhanced. The effect of particle size and/or morphology on the
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tribological behavior of different types of PEEK-based systems will be discussed in the
Section 3.4.
2.3.3 Thermal Behavior
Figure 2.6 summarizes the DSC plots of PEEK-MAX and PEEK-MoAlB
composites. PEEK is a semi-crystalline polymer. DSC results showed that it has a melting
point (Tm) of 344.1 oC during heating, whereas during cooling the crystallization
temperature (Tc) was observed at 293.9 oC (Table 2 . 3). In all cases, the addition of
MAX phases or MoAlB reduced the Tm by few oC depending on the types of particulate
additions. In PEEK-Ti3SiC2 composites, the Tm reduced to 338.7 oC in PEEK20%Ti3SiC2. Comparably, the Tc reduced from 294 oC in PEEK to 283.2 oC in PEEK20%Ti3SiC2. Other PEEK based composites also showed a similar trend. In addition,
PEEK was 29.8% crystallized. The addition of 5, 10, and 20 vol% Ti3SiC2 increased the
crystallinity to 39.6%, 33.7%, and 33.9%, respectively. In all the other composites, the
addition of MAX or MoAlB particulates increased the crystallinity of the PEEK matrix
(Table 2.3). We also observed broadening of Tc and Tm peaks as MAX or MoAlB
additives were added in the polymer matrix (Fig. 2.6).
Mahesh et al. [9] observed that the addition of Ti3SiC2 in PAEK increased the Tm
and Tc was increased by a few oC (Tm increased by 1-2 oC and Tc increased by 9 oC after
the addition of 30% Ti3SiC2). They hypothesized that the Ti3SiC2 filler particles are
restricting the movement of PAEK polymer chains, thus increasing the Tm and Tc of the
composites. Puértolas et al. [22] observed Graphene nanoplatelets (GNPs) did not affect
the Tm but increased the crystallization temperature from 308.9±0.1 oC of pristine PEEK
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to 313.2±0.3 oC as the GNP fraction was increased to 10 wt%. They also reported the
PEEK was 39 ± 3% crystallized as compared to PEEK- GNP composites which showed a
variation between 34 and 37%. This group hypothesized that this behavior is due to, (a)
GNPs can hinder the mobility of polymeric chains, and (b) steric hindrance of the growth
of PEEK crystals on GNP surface due to spherulite formation in bulk polymer.
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Figure 2. 6 DSC Plot of PEEK Composites
Figure 2.6: DSC plot of: (a) PEEK-Ti3SiC2 (heating), (b) PEEK-Ti3SiC2 (cooling), (c)
PEEKTi3AlC2 (heating), (d) PEEK-Ti3AlC2, (e) PEEK-Cr2AlC(heating), (f) PEEKCr2AlC (cooling), (g) PEEK-MoAlB (heating), and (h) PEEK- MoAlB (cooling) (inset
shows higher magnifications of critical temperatures).
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Figure 2. 7 Compression Analysis of PEEK Composites

Figure 2.7 Plot of stress vs displacement of, (a) PEEK-Ti3SiC2 (inset shows the stress versus displacement
plot of PEEK), (b) PEEK-Ti3AlC2, (c) PEEK-Cr2AlC, and (d) PEEK-MoAlB composites.
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Kadiyala et al. [26] observed that the addition of 20 wt% 10-20 µm sized SiC
particulates marginally increased Tm from 343 to 345 oC but Tc reduced from 305 to 301
o

C. They also reported that the PEEK was 34.7% crystallized, the addition of 10% SiC,

increased the crystallization to 39.9% thereafter it decreased to 36.1% after the addition
of 20 wt% SiC. The authors proposed that chain confinement by particles and
heterogenous nucleation by SiC particles can account for this thermal behavior. Both the
above-mentioned studies [22, 26] observed anomaly in Tm due to imperfect crystals.
Table 2. 2 summary of Thermal Properties of PEEK composites.
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Irregular shaped MAX and MoAlB particulates can enhance the crystallization at
lower temperatures due to heterogenous nucleation by additive particulates. The
formation of imperfect crystals due to heterogenous nucleation can account for the
broadening of Tc and Tm peaks and lowering of Tm in DSC plots due to the addition of
MAX or MoAlB additives (Figure 2.6). Comparatively, the addition of Ti3AlC2 increased
the crystallization of PEEK matrix as compared to other additives
(Table 2.2). Microstructure studies discussed in the previous section showed
evidence of dewetting, but DSC studies provided compelling evidence for heterogenous
nucleation. Detailed follow up studies are needed to understand the underlying
mechanism of this behavior, for example which crystallographic planes are effective in
enhancing heterogenous crystallization.
2.3.4 Mechanical and Tribological Behavior
Figure 2.7 plots the compressive stress versus displacement behavior of PEEKMAX and PEEK-MoAlB composites. Hot pressed PEEK showed predominantly brittle
failure during compressive testing (inset of Fig. 2.7a) and had an averaged UCS of
127±16 MPa (Fig. 2.8). The addition of 5 vol% Ti3SiC2 decreased the UCS of the
composite to 87±27 MPa (Fig. 2.8), and the compact also showed brittle behavior. The
addition of 10 vol% Ti3SiC2 enhanced the plastic deformation of the composites (Fig.
7a), and PEEK-10%Ti3SiC2 had an averaged UCS of 141±23 MPa (Fig. 2.8). PEEK20%Ti3SiC2 also showed plastic behavior (Fig. 2.7a) but the averaged UCS was 109±39
MPa (Fig. 2.8).
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In PEEK-Ti3AlC2 system, the addition of 5 vol% Ti3AlC2 in the PEEK matrix was
able to onset plastic behavior during compressive testing (Fig. 2.7b), and the compacts
had an averaged UCS of 125±41 MPa (Fig. 2.8). Comparatively, both PEEK10%Ti3AlC2 and PEEK-20%Ti3AlC2 showed plastic deformation before failure (Fig.
2.7b) and had UCS of 157±16 and 144±19 MPa, respectively (Fig. 2.8). PEEK-Cr2AlC
composite system showed a different trend. All the compositions showed predominantly
brittle failure except PEEK-20%Cr2AlC where some signs of plastic deformation were
observed (Fig. 2.7c). In addition, the UCS of PEEK-5%Cr2AlC, PEEK- 10%Cr2AlC, and
PEEK-20%Cr2AlC decreased to 110±26, 103±34, and 104±22 MPa, respectively (Fig.
2.8). PEEK-MoAlB also showed similar trend as PEEK-Ti3SiC2 and PEEK-Ti3AlC2
composites, the UCS of PEEK-5vol%MoAlB, PEEK-10vol%MoAlB, and PEEK20vol%MoAlB were 86.5±35, 148±33, and 133±19 MPa, respectively (Figs. 2.7d and
2.8).
By analyzing the results, following points can be summarized, (a) the mechanical
behavior of the PEEK-MAX is governed by the vol% content of the additives, (b) the
addition of 5 vol% MAX or MoAlB particulates is not enough to enhance the strength of
the composites and all the compositions showed lower strength than the PEEK samples,
(c) PEEK-10%Ti3SiC2, PEEK- 10%Ti3AlC2 and PEEK-10%MoAlB showed plastic
failure and had an averaged UCS of 141±23 (11% increase as compared to PEEK),
157±16 (24 % increase as compared to PEEK) and 148±33 MPa (16% increase as
compared to PEEK), respectively, (d) PEEK-20%Ti3SiC2, PEEK- 20%Ti3AlC2, and
PEEK-20%MoAlB also showed plastic behavior but the UCS decreased as compared to
10 vol% reinforcement if the data is compared with the particulates of similar chemistry,
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and (e) Cr2AlC particulates were ineffective in enhancing the strength of the composites at
all concentration.

Figure 2. 8 Plot of Ultimate Compressive Strength (UCS)
Figure 2.8 Plot of ultimate compressive strength (UCS) versus MAX or MoAlB content in
PEEK Composites

Ma et al. [Table 2, 7] had observed that the addition of 40 wt% CS increased the
compressive strength of PEEK from ~108 MPa to ~152 MPa but then it decreased to ~90
MPa in 60 wt % n-CS/PEEK composite. The authors did not present any stress versus
strain or displacement plot hence it is difficult to comment on the ductility of these
composites. Converse et al. [36] reported that the addition of ceramic additives like
whisker shaped Hydroxy Apatite (HAP) decreased the plastic deformation of PEEK.
They observed brittle failure in PEEK and reinforced PEEK samples. Comparatively, the
addition of 60 vol% metallic Ti-particles enhanced the compressive strength of PEEK to
246 ± 9 MPa from 132 ± 12 MPa in PEEK. The addition of Ti particles also enhanced the
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ductility of these composites [8].
DSC results showed that PEEK has sharp Tm which is indicative of perfect crystal
formation. The weak boundaries in perfect crystals of PEEK and high amorphous content
can account for the brittle fracture of PEEK [3]. By comparing PEEK-Cr2AlC with other
composites, we can propose that microstructural features like imperfect crystal formation
(evident from DSC results) and micro-network ensemble formation are reinforcing the
PEEK matrix, and consequently increasing the UCS and plasticity of these compositions
at 10 vol% reinforcement addition. In addition, PEEK-10% Ti3AlC2 samples were denser
(Fig. 2.5) as compared to other compositions with similar vol% addition. These factors
can account for the higher strength in these composites. At higher concentration (20
vol%), overloading and clustering can cause decrease in UCS whereas 5 vol% additions
did not reach the critical threshold to enhance the strength of the composites. The
enhanced plasticity in these composites is unlike the behavior observed in PEEK- ceramic
systems [36], thus the PEEK-MAX and PEEK-MoAlB are behaving like PEEK-metal
composites by showing plasticity.
Figure 2.9 plots the variation of µ as a function of distance in the PEEK based
composites. Inset of Fig. 2.9a also plots three set of data of stainless-steel ball dry sliding
against PEEK. In all cases, PEEK showed a dual stage behavior where initially the µ is
low (~0.12), thereafter after sliding for some distance, the µ transitioned into a higher
value (0.3-0.5) region accompanied with erratic fluctuation where µ was unstable and
instability in the data was observed. Figure 2.9a plots the µ versus distance profiles of
PEEK-Ti3SiC2 composites. The addition of Ti3SiC2 particulates in the PEEK stabilized
the µ versus distance profile where initially the µ was low then it transitioned into higher
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values (0.3-0.4) but the data did not show erratic behavior like it was observed for PEEKstainless steel tribocouples. All the other tribocouples also showed similar behavior like
PEEK-Ti3SiC2 and stainless steel tribocouples (Figs. 2.9b-d).
Figure 2.10a plots the variation of µmean of PEEK-MAX or PEEK-MoAlB
composites against stainless steel. During dry sliding, PEEK versus stainless steel
tribocouple had µmean of ~0.33 as compared to ~0.22, ~0.31, ~0.27, and ~0.31 in PEEK5%Ti3SiC2, PEEK-5%Ti3AlC2, PEEK- 5%Cr2AlC, and PEEK-5%MoAlB against
stainless steel, respectively, and ~0.26, ~0.31, ~0.31, and
10%Ti3SiC2,

PEEK-10%Ti3AlC2,

PEEK-10%Cr2AlC,

~0.38
and

in

PEEK-

PEEK- 10%MoAlB

against stainless steel and . Thereafter, in all cases, the µmean increased gradually to
~0.36, ~0.37, ~0.37, and ~0.45 in PEEK-20%Ti3SiC2, PEEK-20%Ti3AlC2, PEEK20%Cr2AlC, and PEEK-20%MoAlB against stainless steel, respectively. Mahesh et al.
[9] also observed that the µ decreased from 0.45 in PAEK to 0.33 after the addition of 30
vol% Ti3SiC2. Hall et al. [13] observed similar trend in PLA-MAX or PLA-MoAlB
composites where these additives were effective in lowering the µ.
Figure 2.10b plots the variation of WR of PEEK-MAX or PEEK-MoAlB
composites against stainless steel. The WR of PEEK-stainless steel tribocouple was
~2.33 x 10-3 mm3/Nm. It decreased by two-order of magnitude to ~6.3 x 10-5 mm3/N.m,
~2.9 x 10-5 mm3/N.m, ~1.7 x 10-5 mm3/N.m, and ~1.4 x 10-5 mm3/N.m after the addition
of 5 vol% Ti3SiC2, Ti3AlC2, Cr2AlC, and MoAlB particulates in the PEEK matrix. On
additions of 10 vol% Ti3SiC2, Ti3AlC2, Cr2AlC, and MoAlB particulates in the PEEK
matrix, the WR further decreased by 2-3 order of magnitude to ~5.7 x 10-6 mm3/N.m,
~5.0 x 10-6 mm3/N.m, ~1.1 x 10-5 mm3/N.m, and ~9.7 x 10-6 mm3/N.m, respectively.
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However after the addition of 20 vol% Ti3SiC2, Ti3AlC2, Cr2AlC, and MoAlB
particulates in the PEEK matrix, the WR increased to 2.6 x 10-5 mm3/N.m, 7.2 x 10-6
mm3/N.m, 2.5 x 10-5 mm3/N.m, and 4.5 x 10-5 mm3/N.m , respectively but the WR was
lower PEEK-stainless steel.

Figure 2. 9 Tribology Behavior of PEEK Composites
Figure 2.9 Plot of friction coefficient (μ) versus distance of: (a) PEEK-Ti3SiC2 (inset shows
the plot of friction coefficient versus distance of PEEK samples), (b) PEEK-Ti3AlC2, (c)
PEEKCr2AlC, (d) PEEK-MoAlB.
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Figure 2. 10 Plot of mean friction coefficient (μ mean) and WR
Figure 2.10 Plot of, (a) mean friction coefficient (μmean) and (b) WR of different PEEK
composites.

By analyzing the µmean and WR results, we can conclude that 10 vol% of MAX or
MoAlB addition results in enhanced tribological performance although the WR of PEEK10%Cr2AlC was slightly higher than the others. In order to understand the effect of these
additions fundamentally, we evaluated the tribosurfaces of in detail. Figures 2.11 a and
b shows the abrasive wear scar on PEEK surface after dry sliding against stainless steel.
On closer inspection, we can observe loose PEEK debris on the wear track. The stainless
surface did not show appreciable wear (Figs. 2.11 c and d). Figures 2.12 a and b shows
the abrasive wear scar on PEEK-10%Ti3SiC2 surface after dry sliding against stainless
steel. Unlike PEEK tribosurface, only minor sliding marks were observed on the PEEK10%Ti3SiC2 surface. The EDS analysis of microconstituent A (Table 2.2) indicates the
formation O-rich triboxides on Ti3SiC2. In addition, minor amount of Fe was detected
from the stainless-steel surface. The stainless surface showed minor sliding marks (Figs.
2.12 c and d) with signs of triboxidation of stainless steel (microconstituent B, Table 2.2).
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The tribosurface analysis of PEEK-10%Ti3AlC2 (Fig. 2.13), PEEK-10%Cr2AlC (Fig.
2.14), and PEEK-10%MoAlB (Fig. 2.15) and stainless steel showed similar behavior
where triboxide based transfer film was observed on MAX or MoAlB surface.

Figure 2. 11 SEM Image of Wear Track of PEEK and SS ball

Figure 2.11 SEM SE image of wear track of: (a) PEEK, (b) BSE image of the same region,
(c) stainless steel ball, and (d) BSE image of the same region after tribological testing.

Different types of additives like Graphene, h-BN, glass fiber, ZrO2, SiC, SiO2,
mica, WS2, CNT nanoparticles, Al2O3, and AlN [22-34] are added to PEEK matrix to
enhance the triboactive behavior of composites. From comparison perspective, it is
important to note that tribological testing are done under different conditions for targeted
application(s). Thus, a comparison of different triboactive additions is done in this work
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for qualitative comparison and to propose a detailed mechanism for the observed
tribological behavior. Puértolas et al. [22] observed enhancement in the tribological
performance of PEEK composites by adding graphene nanoplatelet. The authors
proposed that the graphene nanoplatelets reinforced the PEEK matrix which was
responsible for higher hardness of the composites which was able to defer the abrasive
wear, and subsequently enhanced the wear resistance. Tharajak [23] observed that the
addition of lubricious h-BN particles (0.1, 0.5 and 1.5 µm) enhanced the tribological
performance of PEEK composites after sliding for 1000 m at a sliding speed of 0.1 m/s
and 5N load against a high chromium steel ball. They proposed that h-BN prevented the
direct contact between PEEK and steel ball which resulted in decrease in adhesion and
enhanced the performance of the composites. In addition, they also proposed that 0.1 μm
sized h-BN were more effective in shielding PEEK against wear as compared to 1.5 µm
sized h-BN, as finer particles formed a better and uniform network structure
encapsulating PEEK.
Song et al. [25] observed optimum performance in 5wt.% ZrO2 (50 nm particle
size) filled PEEK coating against ~6.35 mm diameter ZrO2 ball under 5% newborn calf
serum (NCS) lubricated conditions for artificial cervical disc application. The authors
showed that the formation stable transfer film was responsible to optimum tribological
performance. Kadiyala [26] observed that the 50-60 nm nanoparticles (3 wt%) in PEEK
coatings enhanced the scratch hardness and adhesion of coatings by 2 folds vis a vis 10–
20 μm microparticles as the nanoparticles are more effective in lowering interparticle
distance and have increased surface area.
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Figure 2. 12 SEM Image of Wear Track of PEEK-10%Ti3SiC2 and SS ball

Figure 2.12 SEM SE image of wear track of: (a) PEEK-10%Ti3SiC2, (b) BSE image of the
same region, (c) stainless steel ball, and (d) BSE image of the same region after tribology
testing.
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Figure 2. 13 SEM Image of Wear Track of PEEK-10% Ti3AlC2 and SS ball
Figure 2.13: SEM SE image of wear track of: (a) PEEK-10%Ti3AlC2, (b) BSE image of the
same region, (c) stainless steel ball, and (d) BSE image of the same region after tribological
testing.

Wang et al. [27] observed that the addition of nano-sized ceramic like SiO2 (<100
nm particle size) enhanced the wear performance of PEEK composites due to the
formation of robust tribofilm formation (they obtained robust performance at 7.5 wt%
filler loading). Panda et al. [28] studied the effect of 3 wt% micro- (8-10 µm) and nano(60–70 nm) particles in glass fiber reinforced Polyaryletherketone (PAEK) composite
containing graphite (10 wt%). They observed that nanocomposites performed better due
to better interaction between nanoparticles, fibers, and the matrix. Kalin et al. [29]
compared the tribological performance of PEEK with 2 wt% graphene (GNP), WS2
(needles WS2N) and fullerenes (WS2F)) and CNT nanoparticles and reported that WS2
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outperformed graphene and CNT in tribological performance. More particularly, WS 2F
and WS2N improved the wear rate by 10% and 60%, respectively. Comparably, CNT
and GNP deteriorated the wear behavior by 20% (CNT) and three times, respectively.
This group proposed that higher hardness of WS2 based composites reduced plastic
deformation and increased wear resistance as compared to Carbon based composites
which were comparably softer. In a follow up study [30], this group compared the
performance of micro- and nanosized WS2 and MoS2 in PEEK matrix composites. The
group showed that the combination of higher hardness and transfer film formation was
responsible for the better tribological performance of filled composites, and both microand nano-sized particles were able to enhance the tribological performance of these
composites.

Figure 2. 14 SEM Image of Wear Track of PEEK-10%Cr2AlC and SS ball

Figure 2.14 SEM SE image of wear track of: (a) PEEK-10%Cr2AlC, (b) BSE image of the
same region, (c) BALL PEEK-10%Cr2AlC, (d) BSE image of the same region after tribology
testing.
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Figure 2. 15 SEM Image of Wear Track PEEK-10%MoAlB and SS ball
Figure 2.15 SEM SE image of wear track of, (a) PEEK-10%MoAlB, (b) BSE image of the
same region, (c) stainless steel ball, and (d) BSE image of the same region after tribology
testing.

Qiao et al. [31] reported that 15 nm Al2O3 filled PEEK showed better WR better
than 90 and 500 nm Al2O3 filled PEEK as 15 nm Al2O3 filled PEEK formed well adherent
transfer film and prevented abrasive and adhesive wear. Hou et al. [32] reported that the
addition of 2.5 wt% inorganic fullerene-like (IF) tungsten disulfide (WS2) nanoparticles
reduced the µ by 70%, from 0.4 to 0.15, due to intrinsic lubrication however at higher
concentration (~20 wt%), the µ marginally increased to 0.2 The authors proposed that
the detoriation in the quality of transfer films and concomitant agglomeration of
nanoparticles was responsible for this change.
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Goyal et al. [33] also observed that PEEK-EN‐24 steel tribocouples have 2‐fold and
4-fold enhancement in performance after adding 20 wt % micro‐AlN and 30 wt % nano‐
AlN content, respectively. This group also observed that tribological performance is
dependent on the formation of a thin and coherent transfer film between the composite
pin and countersurface. Some studies have designed composites by adding multiple
additives in the PEEK matrix composite. Wang et al. [34] also showed mesoporous TiO2
with impregnated lithium-base grease can enhance the tribological behavior of PEEK by
forming lubricious transfer films. Panda et al. [35] showed that solid lubricants like MoS2
and WS2 can be used synergistically with graphite and reinforcement like glass fibers to
enhance the tribological performance. The transfer films were composed of glass and
solid lubricants.
In this study, we observed (except Cr2AlC) MAX phases and MoAlB formed
network of clusters with PEEK at phase boundaries (Figs. 2.1-2.4). MAX phase or
MoAlB particulates are increasing the hardness of the PEEK matrix composites and
synergistically forming stable and well adherent tribofilms at these clusters areas which
can shield PEEK matrix for abrasive wear from steel countersurface. In addition, PEEK
is forming perfect crystals and has more amorphous content as compared to PEEK-MAX
and PEEK-MoAlB composites. Based on the brief literature survey and this research, we
are proposing a design criterion for enhancing the mechanical and tribological behavior
of the PEEK matrix composites: (a) rigid and finer distribution of additives (ceramics or
solid lubricants) in the PEEK matrix, (b) formation of stable transfer film, (c) tailored
hardness of the composites to resist abrasive wear, and (d) controlled crystallization
(combination of high crystallinity and imperfect crystals). It is also recommended that
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further studies are conducted with finer particles of MAX or MoAlB particulates to
enhance the formation of interconnected network. This hypothesis is also supported by
literature survey mentioned above where the addition of nanoparticles have enhanced the
triboactive behavior of PEEK composites.
2.3.5 Wettability and Interaction with Microbes
Figure 2.16 plots the variation of contact angle as a function of MAX or MoAlB
content. PEEK had a contact angle of ~82.3o and hydrophobic behavior. The addition of
20 vol% Ti3SiC2, Ti3AlC2, and MoAlB in the PEEK matrix increased the contact angle
to ~100.5o, ~96.7o, and ~98.5o, respectively which further increased the hydrophobicity
of the composites. Comparatively, after Cr2AlC additions, the contact angle decreased
marginally to ~71.4o in PEEK-5%Cr2AlC, thereafter it increased to ~81.3o after the
addition of 20 vol% Cr2AlC in the PEEK matrix. It is important to note that nanosheets
of MXenes (Ti3C2Tx) derived by etching Ti3AlC2 are hydrophilic and have a wetting angle
of 37° [37]. Based on these results, it can be hypothesized that the wettability of PEEKMAX or PEEK-MoAlB composites can be further tailored by surface engineering of
these particulates. In addition, PEEK-MAX (Ti3AlC2 or Ti3SiC2) or MoAlB can be used
in applications where hydrophobic and wear resistant surfaces are required. In this present
study, PEEK, Ti3SiC2, Ti3AlC2, Cr2AlC and MoAlB powders were analyzed for their
antimicrobial potential. All samples were tested against E. coli (Figs. 2.17 a-f) and S.epi
(Figs. 2.17 g-l) by using agar disc diffusion method. We did not observe antimicrobial
zone while testing against E. coli and S.epi. Rasool et al. [39] showed that Ti3C2Tx in
aqueous colloidal solution had antibacterial behavior against both Gram (−) E. coli and
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Gram (+) B. subtilis bacteria. Based on TEM evidence, they proposed that the sharp edges
of Ti3C2Tx disrupt cellular membranes and these nanosheets can enter the cells by
endocytosis which lead to cell damage and eventual death. Currently, we are exploring
whether nanoparticles of these phases or tailored particles with sharp edges can have also
the same effect as Ti3C2Tx since these nanosheets are chemically intensive and required
extensive etching with HF or in situ generated HF.

Figure 2. 16 Plot of Contact Angle of PEEK Composites
Figure 2.16 Plot of contact angle versus MAX or MoAlB content in PEEK matrix composites.
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Figure 2.
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E. coli growth
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and MAB
TM filter
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Figure 2.17 Digital images of E.coli growth (a) WhatmanTM filter paper infiltrated with, (b)
PEEK, (c) Ti3SiC2, (d) Ti3AlC2, (e) Cr2AlC, (f) and MoAlB, and S.epi growth on, (a)
WhatmanTM filter paper (control), and WhatmanTM filter paper infiltrated with, (b) PEEK, (c)
Ti3SiC2, (d) Ti3AlC2, (e) Cr2AlC, (f) and MoAlB in solidified inoculum-agar medium.
Table 2. 3 EDS Analysis of Different Regions

47

2.4 Conclusions
In this work, PEEK-MAX and PEEK-MoAlB composites were synthesized by hot
pressing. Ti3SiC2 particles were well dispersed in the PEEK matrix after the addition of
5 vol% Ti3SiC2. At higher concentration (≥10 vol%), the Ti3SiC2 particles segregated at
the phase boundaries and formed micro-networks ensemble where the polymer core as
surrounded by a shell of PEEK-Ti3SiC2 interpenetrating network. PEEK-Ti3AlC2 and
PEEK-MoAlB composites also showed similar microstructural features. PEEK-Cr2AlC
composites showed a different behavior where Cr2AlC particles were well dispersed in
the PEEK matrix. The hot-pressed PEEK had a porosity of ~1.68% as compared to
~2.71%, ~2.15%, ~2.31, and ~3.03% after the addition of 5 vol% Ti3SiC2, Ti3AlC2,
Cr2AlC, and MoAlB, respectively. After the addition of 10 and 20 vol% reinforcements,
the porosity of the samples gradually increased with concentration of the particulates and
was dependent of the type of reinforcement added in the matrix. For example, PEEK20%Ti3SiC2, PEEK-20%Ti3SiC2, PEEK-20%Cr2AlC, and PEEK-MoAlB had porosity
of 7.94%, 4.22%, 6.87%, and 7.75%, respectively. All the three PEEK-MAX composites
have lower hardness than PEEK-MoAlB composites as MoAlB particulates are
appreciably harder than MAX phases. Due to heterogenous nucleation and formation of
imperfect crystals, the addition of MAX phases or MoAlB reduced the Tm and Tc by a few
o

C. PEEK showed predominantly brittle failure. Except PEEK-Cr2AlC, all the

composites showed increase in UCS and plasticity after the addition of 10 vol%
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reinforcement due to microstructural features like micro-network formation which are
reinforcing the PEEK matrix and consequently increasing the UCS and plasticity of these
compositions at. At higher concentration (20 vol%), overloading and clustering caused
the decrease in UCS. In addition, PEEK composites with 5 vol% did not have enough
reinforcement to enhance the strength of the composites. The addition of MAX or
MoAlB particulates in the PEEK stabilized the µ versus distance profile as compared to
PEEK where erratic profile was observed. All the other tribocouples also showed similar
triboactive behavior. The WR performance also showed significant enhancement due to
the shielding of the PEEK matrix by reinforcement by MAX or MoAlB particulates and
formation of stable transfer film formation. All the composites showed hydrophobic
behavior and did not show any anti-microbial behavior.
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CHAPTER III: SYNTHESIS AND CHARACTERIZATION OF
ENGINEERED PEEK-BASED COMPOSITES FOR ENHANCED
TRIBOLOGICAL AND MECHANICAL PERFORMANCE

3.1 Introduction
Polyetheretherketone (PEEK) is a high-performance biomaterial for orthopedic
substitutes due to its promising properties such as biocompatibility [1], chemical stability
[2], comparable elastic modulus to cortical bone [3], and natural radiolucency [4].
However, PEEK has a biologically inert surface, which results in inadequate cellular
response and poor interaction of implants with the surrounding soft tissues [5, 6]. Several
approaches have been made in the past to work on the bioactivity of PEEK based
implants with the surface treatment through bioactive layer deposition on PEEK surface
[7-11] along with different plasma treatment methods[12-15]. Most of the common
coating technologies depend on the physical attachment on the surface which result in
abrasion, delamination and shedding off the debris [16-19]. Clearly, theses treatment
compromises the long-term stability of the composites.
Investigators

have

also

studied

different

inorganic

fillers

such

as

nanohydroxyapatite (nHA), CaSiO3, Si3N4, and Carbon-fibers ([14], [20-24]). In a recent
work [25], it was reported that the PEEK/nHA composites had improved mechanical
performance as compared to pure PEEK. In vitro studies have showed that these
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composites display excellent adhesion, and proliferation of L929 cells on the surface
which stimulate the biomimetic formation of HA and show good cytocompatibility. On
the other hand, in vivo results determined that the PEEK/nHA composites exhibit higher
bio interfacial affinity as compared to the pure PEEK. Knaus et al. [27] had summarized
that since PEEK and HA are chemically dissimilar materials hence there is weak binding
between the two which results in low load bearing capacity of these composites. Ma et
al.

[26],

used silane coupling

agent

KH560

[γ-(2,3-

epoxypropoxy)propyltrimethoxysilane] on HA to enhance properties of PEEK
composites. They observed an enhancement of 23% higher tensile strength in modified
HA-PEEK composites after the addition of 5 vol% fillers. It was also previously reported
that HAP was incompatible with hydrophobic polymers like poly lactic acid (PLA) and
poly-L-lactide (PL)[28, 29].
Based on above mentioned discussions, there is a critical need for reinforcements
which can be integrated with the PEEK matrix for biomedical and functional applications
by transforming its properties. The screening requirements of the particulates are, (a) it
will not have the risks of toxicity, (b) improve the mechanical and tribological properties
for demanding applications such as artificial implants, and (c) tailored wettability for
integration with biomedical device. Distiller’s dried grains with soluble (DDGS) is a
byproduct of bioethanol. Most of corn’s available starch is converted to ethanol while
other components, like protein, fat and fiber, are left in the remaining material [30].
DDGS biomass can be used as a functional material. In a recent work, Gupta et. al. [31]
showed that DDGS can be used for microstructure designing which has various
functional and biomedical applications. DDGS has 34% protein, 39% fiber and 10% fat
51

as the main component [32]. Zein is the main protein found in DDGS which is
hydrophobic in nature. This can be used to derive adhesive properties [33, 34].
Molybdenum (Mo) is a transition element from group 6B of the periodictable. It
has low toxicity with high stability and modulus. Mo is a vital required element required
for the nutrition for animals and plants nutrition [35, 36]. On the other hand, Mo acts as
a cofactor in form of molybdate and plays an important role in human cell metabolism
for several proteins which makes it a potential candidate for good biocompatibility [37,
38]. Mo containing alloys have also shown promise for biocompatible orthopedic
materials [39]. Mo has also been explored as corrosion inhibitor in chitosan matrix [40].
Moreover, Mo fibers have been used in ceramics matrix for reinforcement [41].
As discussed earlier, biopolymers matrices filled with ceramic fillers is widely
used in bone tissue engineering [42]. Xonotlite is a crystalline, calcium silicate hydrate
Ca6Si6O17(OH) mineral [43]. It has also been used as one of the components in
triboactive materials (FMs) [44, 45].
In this research, the effects of DDGS, Mo and Xonotlite on the structural and
mechanical properties of PEEK composites are investigated for the first time. The main
objective of this paper is to explore the properties of PEEK matrix composites by adding
these reinforcements to improve the mechanical, tribological and wettability of PEEK.
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3.2 Experimental Details
3.2.1 Sample Fabrication
In this work, three different composite systems (PEEK-DDGS500, PEEK-Mo, and
PEEK-Xonotlite) were fabricated by hot pressing. For fabricating these composites,
PEEK (average particle size 20 μm, Goodfellow Cambridge Limited, Huntingdon,
England), Mo (1-5 µm, ≥99.9% pure, Sigma Aldrich, St. Louis, MO), and Xonotlite
(Promaxon-D, Promat International, Belgium) powders were procured commercially.
DDGS500 (−325 mesh) powder was synthesized in the lab using the following
procedure. Initially, DDGS was dried at 100 oC for 24 hours before pyrolysis. The dried
DDGS was then pyrolyzed in a horizontal tube furnace (SentroTech, Strongsville, OH)
with a constant one-directional flow of Argon in an alumina tube. The furnace was heated
at 10 oC /min to 500 oC, held at 500 oC for 1h, after which it was furnace cooled. The
pyrolyzed DDGS particulates were then milled for 20 mins in a high-speed ball mill
(8000 M mixer Mill, SPEX SamplePrep, Metuchen, NJ) which were sieved into -325
mesh powders for making composites. These powders will be referred to as DDGS500
in this manuscript.
All three of these compositions were fabricated by hot-pressing of the evenly
mixed powders. First, the calculated weight of powders was mixed by dry milling in a
ball mill (Model 8000 M mixer Mill, SPEX Sample Prep, Metuchen, NJ) for 20 min
along with two PMMA (polymethyl methacrylate) balls. Thereafter, the powder mixture
was poured in a stainless-steel die (Model EQ-De-and cold pressed (Model MTI Corp,
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Richmond, CA) by using 98.4 MPa stress for 30 s twice. The die along with the sample
was then placed in a hot press (Model TF 1200X, MTI Corp, Richmond CA) and pressed
in atmospheric air at heating rate of at 10 oC/min to 500 oC. An initial stress of 14.7 MPa
was constantly maintained. After reaching 500oC, the system was held for 5 min, and
then pressed at a uniaxial stress of 117.4 MPa for 5 min, and then the sample was cooled
down to room temperature and taken out from the die for further characterization. Pure
PEEK samples were used as a control sample from our previous work which were
fabricated by the same above-mentioned procedure [46].
In addition, for comparison and to study the effect of stress on porosity, PEEK20% Xonotlite samples were also fabricated using the same above-described method
except the last step where it was pressed at a uniaxial stress of 117.4 MPa at 500 oC for
30 min instead of 5 min. This sample will be referred to as PEEK-20% Xonotlite* in the
text.
3.2.2 FTIR Analysis of Pyrolyzed DDGS
Fourier transform infrared (FTIR) spectroscopy (Thermo Scientific Nicolet 8700
instrument). was used to analyze the pyrolyzed powders. During this study, the data was
collected in the range of 400–4000 cm–1 with a spectral resolution of 4 cm–1 after
scanning for 32 times. Details of the procedure are mentioned in Ref. 31.
3.2.3 Microstructure, Wettability, Mechanical Behavior, and Tribological Studies
Microstructure, wettability, hardness, and tribological studies were done on the
polished sample. All the samples were prepared by polishing until ~1 µm Surface
roughness of the samples and was measured with a surface profilometer (Surfcom 480A,
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Tokyo Seimitsu Co. Ltd., Japan).
SE (Secondary Electron) and BSE (Back Scattered Electron) images for
microstructure analysis, were obtained by using a JEOL JSM-6490LV Scanning Electron
Microscope (JEOL USA, Inc., Peabody, Massachusetts). All the samples were mounted
on aluminum mounts. These mounted samples were than coated with Au/Pd by using a
Balzers SCD 030 sputter coater (BAL-TEC RMC, Tucson, AZ). Thermo Nanotrace
Energy Dispersive X-ray detector with NSS-300e acquisition was used to obtain
chemical information. For each point, three EDS readings were collected. In addition,
SEM (FEI Quanta FEG 650, S/N 9922747)) was used to collect image of Mo particles at
higher magnification in SE mode.
Contact angle measurement for wettability evaluation, was done with an angle
analyzer (FTÅ 125, First Ten Angstroms, Inc., Portsmouth, VA). A needle (CAD793212EA, Sigma-Aldrich, Gauge20). A sessile drop of deionized (DI) water was dropped on
the sample surface, and then a snapshot was taken at different time intervals of 10s, 60s,
120s, 180s and 240s. A set of 3 tests were performed on random regions for each
composition and FTA32 software was used to calculate contact angle by manual fitting.
Theoretical density of composites (ρth) was measured by using rule of mixture
method. Volume measurement of these pressed cylindrical compacts was done by using,
Vernier caliper. The experimental density (ρE) was calculated by dividing mass was
volume of the cylindrical samples. Mass measurements were taken by using an analytical
balance. The porosity of the samples was calculated by using following equation.
ρE

𝑃(%) = (1 − 𝑝 )
𝑇ℎ
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x 100 --------------------------- (I)

An average of five readings of Vicker’s hardness (Mitutoyo HM-112, Mitutoyo
Corporation, Aurora, IL) was taken for each composite. Indent was measured by loading
the samples at 4.9 N for 15 s.
Compressive tests were done by using a Shimadzu Universal Testing Machine
(Shimadzu AG-IS UTM, Shimadzu Scientific Instruments Inc., Columbia, MD). All
composites’ cubes of five replicates were machined into ̴ 3×3×3 mm for compressive
behavior study of each composite. A 5 kN load cell was used for testing with a test speed
of 0.5 mm/min. The ultimate compressive strength (UCS) is defined as the maximum
compressive strength attained by a sample before its final failure.
Tribological measurements were done using tribometer (CSM Instruments SA,
Peseux, Switzerland) with a ball on disc dry sliding method. 100Cr6 stainless steel balls
were used as the rolling partner against the PEEK composite discs. The following
experimental conditions were used for this measurement 5 N, ̴ 50 cm/s linear speed, ̴ 10
mm track radius, and a sliding distance of 2000 m, respectively. An average of three
mean friction coefficients for each composition was taken and is reported as μmean. The
Specific Wear Rate (WR) of a single experiment was done by using Equation II,
mentioned below.
A weighing scale (Model XA82/220/2X, Radwag Balances and Scales, Poland)
was used to measure the mass of the samples and stainless-steel balls before and after the
tribology testing. Wear Rate was determined by using an average of three readings. WR
is reported in mm3/Nm.
WR= (mi – mf) / (ρth.N.d.). ………………. (II)
While mi is the initial mass before the testing, mf is the final mass after tribology
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testing, ρth is density of the composite, N is the applied load, and d is the total distance
covered by the sample during the tribology testing.
3.2.3 Thermal Behavior
Differential Scanning Calorimetry (DSC Q1000, TA Instruments, New Castle, DE
19720). was used for measuring the thermal behavior of these composites. Initially,
samples were heated at 20 oC/min from RT to 400 oC (heating cycle) and then cooled to
RT (cooling cycle). Thereafter, TA instrument software was used to determine the
melting (Tm) and crystallization (Tm) temperature manually fitting the peaks.
3.3 Results and Discussion
3.3.1 Microstructure Analysis
The SEM micrographs of DDGS500 (−325 mesh), Mo, and Xonotlite powders are
shown in Fig. 3.1. DDGS500 (−325 mesh) powders were irregular shaped whereas Mo
and Xonotlite particles were spheroidal (Figs. 3.1b) and agglomerated (Figs. 3.1c),
respectively.
Figure 3.2 shows the microstructure of PEEK-DDGS500 composites. At lower
concentration (PEEK-5%DDGS, Figs. 3.2a-b), DDGS particles were well dispersed in
the microstructure although signs of porosity were observed. At higher concentration,
DDGS500 (−325 mesh) particles segregated to the phase boundaries and PEEK-rich
cores were formed (Figs. 3.2c-f).
Comparatively, as seen in Figs. 3.3 and 3.4, Mo and Xonotlite particles also
segregated to form micro network of polymer-particles around polymer rich cores. This
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behavior became more prominent as the particle vol% was increased within the PEEK
matrix. Similarly segregation of Ti3SiC2, Ti3AlC2 and MoAlB particles were also
observed in the PEEK matrix fabricated at the same temperature [46]. Bastan et al. [49]
also observed similar segregation of Sr substituted Hydroxyapatite particles in PEEK
matrix.

Figure 3. 1 SEM of DDGS, Mo, and
Xonotlite.
Figure 3.1 SEM SE micrographs of (a) DDGS, (b) Mo (inset shows higher
magnification), and (c) Xonotlite.
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Figure 3. 2 SEM Image of PEEK-DDGS Composites
Figure 3.2 SEM micrographs, (a) PEEK-5%DDGS, (b)BSE image of the same
region, (c) PEEK- 10%DDGS, (d) BSE image of the same region, (e) PEEK20%DDGS and (f) BSE image of the same region.
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Figure 3. 3 SEM Image of PEEK-Mo Composites
Figure 3.3 SEM micrographs, (a) PEEK-5%Mo, (b) BSE image of the same region,
(c) PEEK-Mo, (d) BSE image of the same region, (e) PEEK-20%Mo and (f) BSE
image of the same region.
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Figure 3. 4 SEM Image of PEEK-Xonotlite Composites
Figure 3.4 SEM micrographs, (a) PEEK-5%Xonotlitw, (b) BSE image of the same region, (c)
PEEK-Xonotlite, (d) BSE image of the same region, (e) PEEK-20% Xonotlite and (f) BSE image
of the same region.
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3.3.2 Porosity, Hardness, and Mechanical Behavior
Hot-pressed pristine PEEK samples showed a porosity of ⁓1.68% [46] and PEEK
composites with 5 vol% addition of DDGS500, Mo and Xonotlite had a porosity of ̴
2.48%, ̴ 1.70%, and ̴ 3.14% respectively, as shown in Fig. 3.5a. The addition of 10 and
20 vol% reinforcements with PEEK increased the porosity of the samples gradually. This
trend was observed in the cases of all three reinforcements in PEEK matrix. Porosity of
hot-pressed samples after the addition of 20 vol% of DDGS500, Mo and Xonotlite in the
PEEK matrix were ⁓5.1, ⁓12.7 and ⁓15 respectively. It can be seen that the porosity of
these composites is dependent on the type of reinforcement particles, for example harder
ceramic and metallic reinforcements make the composites stiffer thus making it difficult
to consolidate as compared to DDGS-based additives. Similar trend of increase in
porosity was observed by the addition of stiffer particles like Ti3SiC2, Ti3AlC2, Cr2AlC,
and MoAlB reinforcements in the PEEK matrix, as reported previously [46].
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Figure 3. 5 Plot of Porosity and Hardness
Figure 3.5: Plot of, (a) porosity and (b) hardness of PEEK-DDGS, PEEK-Mo and PEEKXonotlite composites.

Figure 3.5b plots the hardness of PEEK based composites as a function of
DDGS500, Mo and Xonotlite vol% concentration. We observed that in case of DDGS500
and Mo, hardness increased at higher concentrations of 20 vol%, which were ⁓398 and
⁓367 MPa respectively. These results indicate that although the porosity of these
compositions are higher than that of pure PEEK but these particles are effective in
reinforcing the PEEK matrix. We will discuss this aspect further in the discussion of
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mechanical behavior in Section 3.4. Comparatively 20 vol% of xonotlite had a decrease
in hardness of ⁓ 298 MPa while at 5 and 10 vol%, hardness was ⁓332 and ⁓368 MPa
respectively. It can be hypothesized that higher porosity and poor interaction with PEEK
matrix may reduce the hardness which is evident in case of 20 vol% xonotlite.
3.3.3 Thermal Analysis
The DSC results of PEEK- DDGS500, PEEK-Mo and PEEK-Xonotlite composites
are shown in Fig 3.6. Pristine PEEK is a semi-crystalline polymer. DSC results showed
that during heating it has a melting point (Tm) of 344.1 0C with 29.8% crystallization,
and during cooling it has a crystallization temperature (Tc) of 293.9 ⁰C [46] which is
similar to thermal behavior observed in literature [47-48]. After adding different
reinforcements in the PEEK matrix, the DSC results showed that in all the three cases,
the addition of higher volume % of DDGS500, Mo and Xonotlite reduced the Tm and Tc
by few oC as compared to the pure PEEK. In some cases, multiple Tm were also observed
(Table 3.1). We observed similar behavior in a previous study by Javaid et al. [46] where
the addition the MAX phases (Ti3AlC2, Ti3SiC2 and Cr2AlC) and MoAlB reduced the Tm
by a few oC. We also observed that DDGS500, Mo and Xonotlite particles are promoting
crystallization as the crystal content of the PEEK matrix increased after the addition of
these additives
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Table 3. 1 DSC analysis of different compositions

Comparatively, Bastan et al. [49] did not observe any decrease in Tm after the
additions of 10 vol% Sr-substituted HA (SrHA) nanoparticles although the crystallinity
decreased from 31.75% in pure PEEK to 26.4% after the addition of 10 vol% SrHA.
They reported a decrease in Tc from 294.8 oC to 283–288 oC after the additions of SrHA.
In this study, we also observed a decrease in Tc in all cases. Wang et al. [50] have also
reported a decrease in Tc accompanied by insignificant change in crystallization. They
proposed that Hydroxyapatite (HA) nano-fillers retarded the mobility of PEEK but not
crystallization which showed that nano-HA fillers are weak in tailoring the thermal
properties of PEEK.
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Goyal et al. [51] observed an increase in Tm and crystallization of PEEK matrix
after the additions of AlN in the PEEK matrix. They attributed it due to the formation of
perfect PEEK crystals due to the interaction between AlN and PEEK matrix.
Based on the literature survey, different types of counteracting mechanisms
determine the thermal properties of PEEK matrix, namely (a) heterogenous nucleation of
PEEK on the additives surface which will increase crystallite content [53], (b) impedance
by particles will decrease the PEEK mobility and crystallization temperature [53], (c)
surface morphology (Kuo et al. [52] postulated that spherical and uniformly distributed
particles promote crystallinity) and (d) bi-modal melting points of PEEK are due to
crystal reorganization [53].
In this study, we are observing a decrease in Tm and Tc accompanied by higher
crystallinity in the composites which is the resultant of different interactions discussed
above. As compared to nano-HA fillers [51], DDGS500, Mo and Xonotlite showed
stronger interaction with PEEK matrix like AlN [52].
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Figure 3. 6 DSC Plot of PEEK Composites
Figure 3.6: DSC Plot of PEEK-DDGS during, (a) heating, (b) cooling; PEEK-Mo during (c)
heating and (d) cooling, PEEK-Xonotlite during, (e) heating and (f) cooling.

3.3.4 Mechanical Behavior
Compressive stress versus displacement behavior of PEEK composites were
studied. PEEK had a brittle failure and an average UCS of 127 ± 16 MPa (Fig. 3.7) [46].
The brittle behavior of PEEK polymer is well documented in literature [47].
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Comparatively, in PEEK-5%DDGS500 the UCS increased to 143.0 ± 12 MPa (12.5%
increase) which decreased to 136.7 ± 12 MPa and 139.4 ± 10 MPa in PEEK10%DDGS500 and PEEK-20%DDGS500, respectively. In addition, all the compositions
showed plastic behavior which shows that DDGS500 additions have plasticizing effect
on the composites which is further supported by lowering of Tm in these composites
(Table 3.1).
PEEK-5%Mo had an average UCS of 168.19 ± 10 MPa (24% increase) and it
gradually decreased to 149.34 ± 8 MPa in PEEK-20%Mo. As compared to PEEK, these
compositions also showed plastic behavior. Comparatively in PEEK-Xonotlite
composites, the UCS decreased to 105.06 ± 17, 114.20 ± 12 and 56.55 ± 8 MPa after the
additions of 5, 10 and 20 vol% additives, respectively (Fig. 3.7). Addition of DDGS500
and Mo enhanced plastic deformation due to the polymeric and metallic nature of the
reinforcement particles at low dosage content of 5 vol% while PEEK-Xonotlite showed
brittle failure like ceramics in case of all volume concentrations. It is reported in literature
that addition of ceramics additives decreased the strength of PEEK matrix [55]. For
comparison, after the addition of damage tolerant ceramics, for example 10 vol%
Ti3SiC2, Ti3AlC2 and MoAlB in the PEEK matrix, the UCS of 141±23, 157±16, and
148±33 MPa, respectively were observed [46]. Based on these results, we can argue the
case that there is need for further and research and development of ductile reinforcements
in PEEK for enhancing the mechanical behavior of PEEK matrix composites.
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Figure 3. 7 Plot of Compression Behavior
Figure 3.7: Plot of stress versus displacement of, (a) PEEK-DDGS, (b) PEEK-Mo (c)PEEKXonotlite and (d) ultimate compressive strength (UCS) versus DDGS, Mo, and Xonotlite
content in PEEK matrix composites.

Figure 3.8 shows the microstructure of the fractured surface of pure PEEK, PEEK10%DDGS500, PEEK-10%Mo and PEEK-10%Xonotlite. SEM analysis showed that
pure PEEK had a rough surface with minimal porosity (Figs. 3.8a and 3.8b).
Comparatively, PEEK-10%DDGS500 fractured surface had rough morphology where
DDGS particles were observed in the PEEK matrix (Figs. 3.8c and 3.8d). Comparatively,
PEEK-10%Mo fractured surface showed the PEEK-rich core surrounded micro-network
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of PEEK-Mo network (Figs. 3.8e and 3.8f). PEEK-10%Xonotlite also showed irregular
fractured surface (Figs. 3.8g and 3.8h).

Figure 3. 8 SEM of Fracture Surface of PEEK and PEEK Composites
Figure 3.8: Fracture surface of: (a) PEEK, (b) BSE image of the same
region, (c) PEEK-10%DDGS, (d) BSE image of the same region, (e) PEEK10%Mo, (f) BSE image of the same region, (g) PEEK-10%Xonotlite, (h)
BSE image of the same region.
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3.3.5 Tribological Behavior
Figure 3.9 plots the variation of μ as a function of distance in the PEEK based
composites. Initially, PEEK has a low μ was (⁓0.15), thereafter the μ increased and
became unsteady due to wear [46]. Figures 3.9a1-a2 plot the μ versus distance profiles
of PEEK-DDGS500 composites. The addition of DDGS500 particulates stabilized the μ
versus distance profile where initially the μ is low then it transitioned into higher values
(0.3–0.4) (Fig. 3.9a1-a2).
PEEK-Mo and PEEK-Xonotlite composites also showed similar trend (Figs. 3.9
b1-b2 and c1-c2). Figure 3.9 d plots the variation of WR of PEEK-DDGS500, PEEKMo and PEEK-Xonotlite composites against stainless steel. The WR of PEEK-stainless
steel tribocouple is ⁓2.33 × 10-3 mm3/Nm and it decreased to ⁓8.18 × 10-6 mm3/N.m,
⁓3.58 × 10-6 mm3/N.m and ⁓9.68 × 10-6 mm3/N.m, after the addition of 5 vol%
DDGS500, Mo and Xonotlite, respectively. This shows that at lower content these fillers
are effective in lowering the WR of the composites as well as enhancing the mechanical
performance of these composites.
On further additions of 10 and 20 vol% DDGS500 fillers in the PEEK matrix, the
WR slightly increased to ~1.51 x 10-5 and ~1.42 x 10-5 mm3/Nm, respectively. The WR
decreased to ~2.99 x 10-6 and then increased to ~2.34 x 10-5 mm3/Nm after the additions
of 10 and 20 vol% additions of Mo whereas after the additions of Xonotlite 10 and 20
vol% fillers, the WR slightly decreased to ~4.35 x 10-6 mm3/Nm and then increased by
several orders of magnitude to ~2.88 mm3/Nm. In a recent paper [46], we have reported
the

optimized

WR

of

~5.7 × 10−6 mm3/N.m,

~5.0 × 10−6 mm3/N.m,

~1.1 × 10−5 mm3/N.m, and ~ 9.7 × 10−6 mm3/N.m, respectively after the additions of 10
71

vol% Ti3SiC2, Ti3AlC2, Cr2AlC, and MoAlB particulates in the PEEK matrix.
Figure 3.9e plots the variation of μmean of PEEK-DDGS500, PEEK-Mo and PEEKXonotlite composites against stainless steel. During dry sliding, PEEK versus stainless
steel tribocouple had a μmean of ⁓0.33 [46] although µ versus distance profile was
unstable. PEEK-DDGS500, PEEK-Mo and PEEK-Xonotlite showed better stability in µ
versus distance profile but the μmean values were similar after the addition of 5, 10 and 20
vol% fillers, respectively. These results show that these fillers are effective in lowering
WR and synergistically improving the µ versus distance profile.
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Figure 3. 9 Plot of Tribology Study Results of PEEK Composites

Figure 3.9 Plot of friction coefficient (µ) versus distance of (a1-a2) PEEK-DDGS500,
(b1-b2) PEEK-Mo, (c1-c2) PEEK-Xonotlite, (d) WR versus filler content and (e) µmean
versus filler content (PEEK data is from Ref. 46 for comparison].
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Figure 3. 10 Plot of Wear Track of friction coefficient (µ) and WR
Figure 3.10 Plot of friction coefficient (µ) versus distance of (a1-a2) PEEK-DDGS500, (b1-b2)
PEEK-Mo, (c1-c2) PEEK-Xonotlite, (d) WR versus filler content and (e) µmean versus filler
content (PEEK data is from Ref. 46 for comparison].
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The microstructure of tribosurfaces of PEEK-10%DDGS500 and stainless-steel
samples are shown in Fig. 3.10. Tribochemistry of the surfaces are summarized in Table
3.2. Wear tracks were observed on PEEK-10%DDGS surfaces (I1 and I2 (Table 3.2))
and transfer film was observed on the stainless surfaces (J1-J3, (Table 3.2)). Figure 3.11
shows the microstructure of surfaces of PEEK-10%Mo-stainless tribocouples after dry
sliding.

We can observe that the transfer films were observed on the both the

tribosurfaces (O2, PA, and P3, Table 3.2). The microstructure of PEEK-Xonotlite and
stainless steel tribocouples are given in Figure 3.12. As compared to PEEK-10%
Xonotlite samples (Figs. 3.12a-b), cracks and wear debris were observed on PEEK20%Xonotlite tribosurface. In both cases, wear scars and transfer films were detected on
the stainless steel tribosurfaces (Figs. 3.12 c-d and g-h). The generation of third body on
PEEK-20%Xonotlite surfaces can account for the higher WR in PEEK-20 vol%
Xonotlite and stainless steel tribocouples.
Previously, different authors have reported that wear resistant behavior of PEEK
composites can be improved by adding different additives like nano-ZnO [56], bamboo
Carbon nanotube (B-CNT) and synthetic diamond [57], natural silica fibers [58], and
Carbon fibers [59]. Wu et al. [56] reported that n-ZnO reinforced PEEK matrix showed
anti wear characteristics due to the ability of these stronger composites to resist
deformation and prevent wear. Vishal et al. [57] reported that transfer films also play
critical role in enhancing the wear characteristics of PEEK-matrix composites. Lin et al.
[58] also reported the importance of stable tribofilms on tribological behavior of PEEKcomposites. This study shows that addition of DDGS500, Mo and Xonotlite improved
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the wear resistance at low dosage (5 vol%). PEEK-DDGS500 and PEEK-Mo and
stainless steel tribocouples showed anti-wear behavior at higher concentration. We
reported the formation of stable tribofilms in these cases. However, at higher
concentration (20 vol%), PEEK-Xonotlite showed high wear due to poor mechanical
strength and formation of wear debris which caused third body wear instead of a stable
tribofilms. The synergistic effect of better mechanical performance and formation of
stable tribofilms can explain the anti-wear characteristics of these composites.

Figure 3. 11 SEM Image of Wear Track of PEEK-10%DDGS and SS ball
Figure 3.11 SEM SE images of wear track of: (a) PEEK-10%DDGS, (b) BSE image
of the same region, (c) stainless steel ball, and (d) BSE image of the same region.
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Figure 3. 12 SEM Image of Wear Track of PEEK-10%Mo and SS ball
Figure 3.12 SEM SE image of wear track of: (a) PEEK-10%Mo, (b) BSE image of the
same region, (c) stainless steel ball, and (d) BSE image of the same region after
tribology testing.
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Figure 3. 13 SEM Image of Wear Track of PEEK-10%Xonotlite and SS
ball
Figure 3. 13 SEM SE image of wear track of: (a) PEEK-10%Xonotlite, (b)
BSE image of the same region, (c) stainless steel ball, and (d) BSE image
of the same region after tribology testing, (e) PEEK-20%Xonotlite, (f)
BSE image of the same region, (g) stainless steel ball, and (h) BSE image
of the same region after tribology testing.
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3.3.6 Wettability Study
Figure 3.13 plots the variation of contact angle as a function of time and
reinforcement vol% concentration for PEEK-DDGS500, PEEK-Xonotlite and PEEK Mo
composites. Contact angle was recorded after 10, 60, 120, 180 and 240 s to observe the
effect of time. Pure PEEK showed hydrophilic behavior and had a contact angle of ⁓78⁰
(10 s) which was slightly decreased to ⁓ 73⁰ at 240 s which is similar to 76.20° reported
by Hong et al. [60] where contact angle greater than 90o is considered hydrophobic
behavior [60].
The addition of 5 vol% DDGS500, Mo and Xonotlite into the PEEK matrix
increased the contact angle to ⁓86⁰, 87⁰, and 83⁰ after 10 s, and changed marginally to
⁓73, 83, and 77o after 240 s, respectively. The addition of 20 vol% DDGS500 and Mo
into the PEEK matrix had contact angles of ⁓85⁰ and 87⁰ after 10 s, respectively, and it
changed marginally to ⁓77⁰ and 86⁰ after 240 s, respectively. Comparatively, the addition
of 20 vol% Xonotlite in PEEK matrix showed hydrophilic behavior where the contact
angle decreased as a function of time from ⁓74⁰ after 10s to 8⁰ after 240s, respectively.
Denser PEEK-20 vol% Xonotlite* samples with 7.46±1.43 % porosity had a contact
angle of ⁓85⁰ (10s) which marginally decrease to ⁓77⁰ (240 s) which indicates that
porosity is a significant factor in controlling wettability of these composites. Liu et al.
[61] reported that 3D printed porous PEEK samples with 63.6% porosity had
hydrophobic behavior with a contact angle of 97.36 ± 0.93°. The hydrophilicity of
surface is critical in facilitating attachment of cells on surfaces [61, 62] which qualifies
Xonotlite for further development cycles at it is an active constituent for enhancing
wettability of PEEK composites.
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Figure 3. 14 Plot of Contact angle of PEEK Composites

Figure 3. 14 Plot of contact angle of, (a) PEEK-DDGS, (b) PEEK-Mo and (c) PEEK-Xonotlite
composites versus time.
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Table 3. 2 EDS analysis of Point of Interest (PoI)

3.3.6 Comparative Analysis of Different Fillers
This study also shed light the Mo can be a promising additive in polymer matrix
composites for structural and functional applications. Further studies are needed to
understand the biocompatibility of these composites. Comparatively, Xonotlite is a
ceramic filler which improves the wettability but have deleterious effect on mechanical
and tribological behavior at higher concentration. In other words, Xonotlite additions
make the PEEK composites brittle thus it is needed to be used synergistically with other
constituents.
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Figure 3. 15 FTIR Analysis of DDGS and DGGS500
Figure 3. 15 FTIR of DDGS and DDGS500

In this study, we also observed that DDGS500 can be another vital constituent as
it is environmentally friendly additive. Figure 3.14 plots the FTIR of as received DDGS
and DDGS500 which is used to understand the change in molecular structure of DDGS
after the pyrolysis process. Peaks in the 3500-3200 cm−1 region can be assigned to −OH
and –NH stretching which are indicative of carbohydrates and protein constituent in
DDGS. Peaks occurring in the 2950-2500 cm−1 region is due to stretching of −CH from
lipids [63]. The peaks in the region of 1700-1800 cm-1 corresponds to –C = O stretching
which corresponds to lignin. Protein amides I and II can be assigned to the 17001500 cm−1 region [63]. The peaks in the region of 600-700 belonged to P–S and P

S

stretching. The other prominent peaks belonged to CH2, CH3 and CHO [64]. After
pyrolysis at 500 oC, the intensity of all the peaks subsided and additional peaks were
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observed at 879, 1429 and 1587 cm-1 which corresponds to aromatic structures [65].
Previously, Li et al. [66] have used biochar fillers in Ultra High Molecular Weight
Polyethylene (UMWPHE) matrix for enhancing strength, biocompatibility, and
wettability characteristics. The utilization of char in high performance polymer matrix
composites will further stimulate research in this field as it has the added advantage of
Carbon-storage of ligno-cellulose feedstock in functional composites. Currently, we are
focusing on designing hybrid compositions by integrating the inherent advantages of
each additive which can further enhance the functionality of PEEK-based compositions.
3.4 Conclusion
In this work, PEEK- biochar (DDGS500), PEEK-metal (Mo) and PEEK-ceramic
(Xonotlite) composites were synthesized for the first time by hot-pressing.
Microstructure study of the composites showed that DDGS500 powder particulates were
well dispersed within the PEEK matrix after the addition of 5 vol%. At higher
concentration of 10 and 20 vol%, the DDGS500 particles formed micro-network at the
phase boundaries with PEEK which resulted in PEEK-rich cores. Comparatively, Mo
and Xonotlite particles were segregated at the phase boundaries even at 5 vol%
concentration which was more prominent at higher concentrations of these particles in
the PEEK matrix.
After the addition of 10 and 20 vol% reinforcements, the porosity of the samples
gradually increased due to the restricting effect of these additives on PEEK mobility
during hot-pressing. The same trend was observed in the composites with all three
reinforcements studied in this project. Pristine PEEK composites showed brittle failure,
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while addition of DDGS500 and Mo enhanced the plasticity and UCS at 5, 10 and
20vol% addition of reinforcement. Conversely, Xonotlite made the composites brittle
and UCS of the samples also decreased at higher vol% concentration. Lowering in Tm
and Tc were observed in all the three composites.
The addition of DDGS500, PEEK-Mo and PEEK-Xonotlite particulates stabilized
the μ versus distance profile. It was observed that the addition of all three additives
lowered the WR until 10 vol%. However, WR was significantly increased at 20 vol% of
Xonotlite in the PEEK matrix.
DDGS500 and Mo in the PEEK matrix which showed hydrophobic behavior.
Comparatively PEEK-20 vol% Xonotlite showed hydrophilic behavior with a decrease
in contact angle as a function of time.
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CHAPTER IV: FLUID LUBRICATION TRIBOLOGY AND BONE
GROWTH STUDY OF PEEK BASED COMPOSIES

4.1 Introduction
Engineered polymer applications are currently expanding into different
tribological fields because of their self-lubrication properties, relative low coefficient of
friction (COF), high strength-to-weight ratio, and ease of manufacturing [1]. PEEK
belongs to the family of Polyaryletherketones (PAEKs) which are a family of hightemperature thermoplastic polymers. The polyetheretherketone (PEEK) is the most
common of these polymers that is used in the medical field. PEEK, is often applied as a
material for an interbody fusion cage[2]
PEEK, a high-performance thermoplastic is an engineering probable replacement
for metals and alloys in the biomedical aerospace and automotive industry applications.
PEEK has high resistance to acids and bases and organic solvents, because of its stable
and inert chemical nature [3].
In literature, the performance capabilities of PEEK has been strengthened by the
incorporation of fillers and fibers [3–6]. Fiber-reinforced polymers are effective in
enhancing tribological and mechanical properties [7].
The friction and wear behaviors of polymers in dry environmental conditions differ
greatly from lubrication sliding condition. Plasticization of polymer surfaces happens
because of water absorption [4]. The PEEK’s chemical aromatic backbone molecular
structure provides exceptionally good stability and chemical resistance at high
temperature or in the sterilization process [8]. Poly-ether-ether-ketone (PEEK) may be a
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subject of a tribological issue because of its application as the replacement of metal
implants in case of trauma and orthopedics injury. These devices are often subjected to
biological fluids for example hip implant or knee replacement. Occurrence of Wear and
friction can lead to the reduction in mechanical efficiency [9], due to this reason, it is
important to study the effect of fluid lubrication of PEEK based composites.
Despite the fact that tribology (in vitro) has improved significantly in its ability to
replicate an artificial joint in terms of dynamic loadings, and multidirectional sliding, the
artificial joints are often found to fail in vivo after 10–15 years of implantation [10].
In the previous work [11,12], we have investigated the dry sliding results of friction
and wear performance of polyetheretherketone (PEEK) and PEEK composites. The main
objective of this study is to investigate the tribological behavior of PEEK and PEEK
composites under fluid lubrication. DDGS500, Mo, Xonotlite, MoAlB, and Cr2AlC
powder particles were compounded into a polyetheretherketone (PEEK) matrix. The
tribological performance of PEEK-based composites sliding against stainless steel was
compared in water and simulated body fluid with dry sliding condition. It involves the
friction, wear of materials, scratching, and rubbing. The overall goal was to study wear
rates of PEEK and composites as well as invitro bone growth in the simulated body fluid
(SBF).
In 1991, Kokubo et al. [13] proposed that bone-like apatite formation on the
surface is an essential necessity for an artificial implant. Simulated body fluid (SBF)
with similar ionic concentrations as of human blood plasma can reproduce in-vivo apatite
formation environment. This means that the apatite formation on the material surface in
the SBF medium can predict in vivo bioactivity. The aim of this study is to explore the
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tribological behavior of PEEK composites in Deionized and Distilled (DDI) water and
SBF medium. In addition, another aim of this work is to study invitro bone growth
behavior in the SBF medium.
4.2 Materials and Method
4.2.1 Sample Preparation
In this work, six different composite systems (PEEK, PEEK-DDGS 500, PEEKMo, and PEEK-Xonotlite, PEEK-MoAlB, and PEEK-Cr2AlC) were fabricated by hot
pressing as reported in our previous studies [11, 12].
4.2.2. Tribological Studies
Friction and wear tests were done by using a tribometer (CSM Instruments SA,
Peseux, Switzerland) with a ball on disc method. 100Cr6 stainless steel balls were used
as the rolling partner for lubrication tribology against the PEEK composite discs. DDI
water and SBF were used as lubricant. The following experimental conditions were used
for this measurement 5 N, ̴ 50 cm/s linear speed, ̴ 10 mm track radius, and a sliding
distance of 2000 m, respectively. SBF and water flow rate was maintained at 0.5 ml/min.
Syringe pump Model NE-300 was used to maintain the flow rate for wet lubrication. An
average of three mean friction coefficients for each composition was taken and is
reported as μmean.
The Specific Wear Rate (WR) of a single experiment was done by using Equation
I, mentioned below. An average of three WR was reported in this study. A weighing scale
(Model XA82/220/2X, Radwag Balances and Scales, Poland) was used to measure the
mass of the samples and stainless-steel balls before and after the tribology testing. WR
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was determined by using an average of three readings. WR is reported in mm3/Nm.
WR= (mi – mf) / (ρth.N.d.). ………………. (I)
While mi is the initial mass before the testing, mf is the final mass after tribology
testing, ρth is the density of the composite, N is the applied load, and d is the total distance
covered by the sample during the tribology testing [11,12].
After the lubrication tribology, samples surfaces, and SS balls surfaces were
inspected by scanning electron microscopy (SEM). SE (Secondary Electron) and BSE
(Back Scattered Electron) images for microstructure analysis, were obtained by using a
JEOL JSM-6490LV Scanning Electron Microscope (JEOL USA, Inc., Peabody,
Massachusetts). All the samples were mounted on the aluminum mounts. These
mounted samples were then coated with Au/Pd by using a Balzers SCD 030 sputter
coater (BAL-TEC RMC, Tucson, AZ). Thermo Nanotrace Energy Dispersive X-ray
detector with NSS-300e acquisition was used to obtain chemical information. For each
point, three EDS readings were collected [11,12].
4. 2.3. Simulated Body Fluid (SBF) Preparation
SBF was prepared according to the process reported by Kokubo et al. [14] for
invitro bone growth analysis.
4.2.3.1. Chemicals for SBF
The following powder reagent grade chemicals by Sigma Aldrich, St. Louis, MO
(Table 4.1) were used to prepare 1000 ml of SBF [14]. Deionized Distilled (DDI) water
ASTM type II by Sigma Aldrich was used for the preparation of SBF.
“Order, amounts, and formula weight of reagents for preparing 1000 ml SBF [14]”.
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Table 4. 1 “Order, amounts, and formula weight of reagents for preparing 1000 ml SBF [14]”

4.2.3.2 SBF Preparation Procedure
The apatite growth was investigated by apatite formation in the simulated body
fluid (SBF). To prepare 1000ml SBF, first 700 ml of DDI water with a stirring bar was
taken in a 1000 ml plastic beaker. This plastic beaker was placed in a water bath on the
magnetic stirrer. The water was heated in the beaker to 36.5±1.5 °C under stirring. Once
the water temperature was at 36.5±1.5 °C above listed reagents in the chemicals (Table
4.1) for SBF section were dissolved one by one in the order of 1st to 8th order into the
solution. The reagents were added one after the other when the preceding one was
completely dissolved. The 9th reagent (tris) and 10th 1M HCl was dissolved in the process
of pH adjustment. The temperature of the solution was set at 36.5±1.5 °C and the amount
of the solution was increased to 900ml by adding DDI water just before adding the Tris.
The pH of solution 2.0±1.0 was measured by inserting the electrode of the pH meter into
the solution.
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Then Tris was dissolved little by little with taking note of pH change. Once Tris
was dissolved completely and the pH was become constant then more Tris was added to
raise the pH gradually to7.45, along with maintaining the temperature at 36.5±0.5 °C.
The pH-adjusted solution volume was adjusted to 1000 ml by adding DDI water. The
prepared solution was kept in the water bath to let it cool down to 20 °C. After the
solution temperature has fallen to 20 °C, the distilled water added up to the marked line
of 1000ml. Prepared SBF was stored at 4°C in the refrigerator.
4.2.4. Bone Growth Test
Samples of each composition of ~ 8 mm×~8 mm×~4 mm dimensions were soaked
into the SBF to evaluate the invitro apatite formation. All the sample corners were
chamfered to remove sharp corners. All the chamfered samples were sterilized with ethyl
alcohol to remove any residual contamination before soaking into SBF solution. After
washing, the samples were dried at 100 °C for 2 h in the box furnace. After drying, all
the samples were soaked in the centrifuge falcon tubes that was filled with 20 ml of SBF
for each sample. After soaking samples were covered with lid and placed in the incubator
which was kept static at 37°C for a duration of 1,2,3, and 4 weeks. Sample were placed
in the centrifuge tube as shown below in the Fig.4.1a. The apatite formation ability of
these composites sample was accessed with SEM-EDS. SEM was observed from the
upside-down of the soaked samples.
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Figure 4. 1 Sample immersion in SBF and Washing
Figure 4.1: (a) Sample specimen in the SBF. (b) sample washing after being taken out from SBF.

After soaking at 37° C, samples were removed from SBF after each specified time
interval. These soaked samples were gently rinsed with DDI water as shown in Fig. 4.1b.
The washed samples were dried in the box furnace at 30° C for 24 h. The bottom side of
the dried samples were observed for bone growth via scanning electron microscopy. SE
(Secondary Electron) and BSE (Back Scattered Electron) images for microstructure
analysis, were obtained by using a JEOL JSM-6490LV Scanning Electron Microscope
(JEOL USA, Inc., Peabody, Massachusetts). All the samples were mounted on aluminum
mounts. These mounted samples were then coated with Au/Pd by using a Balzers SCD
030 sputter coater (BAL-TEC RMC, Tucson, AZ). Thermo Nanotrace Energy
Dispersive X-ray detector with NSS-300e acquisition was used to obtain chemical
information. For each point, three EDS readings were collected. The SEM results for all
four samples from week one to week four were collected at higher magnification of
1000x and 5000x.
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4.3 Results and discussion
4.3.1 Tribological behavior
Figure 4.2 plots the lubrication behavior of PEEK-based composites against
stainless steel. Figure 4.2(a) plots the μ versus distance profiles of PEEK, PEEK10%DDGS500, PEEK-10%Mo, PEEK-10%Xonotlilte, PEEK-10%Cr2AlC, and PEEK10%MoAlB, against stainless steel ball in DDI water. In all the cases of PEEK and PEEK
composites showed that initially, μ was below ~0.1. After sliding to some of the distance,
the μ moved over the (0.15-0.35) region accompanied by fluctuations in the small range
value. The addition of all particulates in the PEEK stabilized the μ versus distance profile
except PEEK-Xonotlite. Where Xonotlite particulates in the PEEK matrix case initially
μ was low and after little distance transitioned to a slightly higher value, then transitioned
lower value with fluctuations between lower and higher μ ≤ 0.1 and ≥0.35range. PEEK10% DDGS showed lowest friction coefficient under water sliding conditions.
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Figure 4. 2 Plot of Fluid Tribology Analysis of PEEK
Composites
Figure 4.2: Plot of, friction coefficient (µ) versus distance of (a) Water lubrication of
PEEK, PEEK-10%DDGS-, PEEK-10%Mo, PEEK-10%Xonotlilte, PEEK-10%Cr2AlC,
and PEEK-10%MoAlB (b) SBF lubrication PEEK, PEEK-10%DDGS, PEEK-10%Mo,
PEEK-10%Xonotlilte,
PEEK-10%Cr2AlC,
and
PEEK-10%MoAlB,
polyethretherketone.
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Figure 4.2(b) plots the μ versus distance profiles of PEEK, PEEK-10%DDGS500,
PEEK-10%Mo, PEEK-10%Xonotlilte, PEEK-10%Cr2AlC, and PEEK-10%MoAlB,
against stainless steel in the SBF. In the cases of PEEK, DDGS and Cr2AlC, initially the
μ was ~0.1 then it slightly increased, and thereafter stable data was observed with slight
fluctuations. PEEK-10% Xonotlite, PEEK-10%Mo and PEEK-10MoAlB initially
showed similar behavior. In the case of PEEK-MoAlB it showed erratic fluctuations in
the range of 0.05- 0.25. PEEK-10%Mo data showed more stability as compared to
PEEK-10%MoAlB and the fluctuation range was between ~ 0.05-0.12. In contrast with
DDI water lubrication, PEEK-10%Xonotlite showed very stable μ behavior throughout
all the sliding distances in the presence of SBF.
Figure 4.3(a) plots the variation of the wear rate in comparison to dry and
lubrication tribology of PEEK, PEEK-10%DDGS500, PEEK-10%Mo, PEEK10%Xonotlilte, PEEK-10%Cr2AlC, and PEEK-10%MoAlB, composites against
stainless steel. In all three conditions observed WR was below 0.01 mm3/N.m. The
selected additives helped to lower the WR in dry conditions as compared to pure PEEK
[11, 12]. Pure PEEK showed low WR in both lubrication conditions for DDI water and
SBF as compared to dry sliding. On the other hand, PEEK composites had a tendency of
low dry WR as compared to DDI water and SBF lubrication. DDI water and SBF
lubrication study results showed that Mo, Cr2AlC, and MoAlB were helpful to reduce
the WR as compared to the pure PEEK. However, Xonotlite showed high WR for DDI
water because of its brittle nature.
Tanaka [15] and Evans [16] reported that polymer/metal sliding during wet
lubrication sliding may reduce the coefficient of friction, but may increase the wear rate.
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Lancaster [17] reported that fluids absorption such as water cause the reduction in
modulus of elasticity, strength and increases the swelling and elongation of surface layer,
that is why higher wear rates were obtained in lubricated conditions. They observed for
Carbon/polymer the presence of fluids inhibits the transfer of films debris on the counter
surface which is another reason for the greater WR than those of obtained in dry sliding.
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Figure 4. 3 Plot of WR and friction coefficient of PEEK Composites
F

Figure 4.3: Plot of, (a) Wear rate and (b) friction coefficient of different
compositions. In the order of PEEK, PEEK-10%DDGS-, PEEK-10%Mo,
PEEK-10%Xonotlilte, PEEK-10%Cr2AlC, and PEEK-10%MoAlB, from left
to right, polyetheretherketone.
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Figure 4.3(b) plots the variation of µmean of PEEK and PEEK composites against
stainless steel. Friction coefficient was lowered by the addition of DDGS, and Mo in the
DDI water lubrication condition. While in the presence of SBF all the composites showed
lower friction coefficient as compared to pure PEEK. During the dry sliding, PEEK
versus stainless steel tribocouple had µmean ~ 0.33 as compared to ~ 0.31, 0.33, 0.28, 0.31
and 0.38 for PEEK-10%DDGS500, PEEK-10%Mo, PEEK-10%Xonotlilte, PEEK10%Cr2AlC, and PEEK-10%MoAlB respectively. PEEK versus stainless steel
tribocouple for DDI water lubrication had µmean ~ 0.26, 0.14, 0.17, 0.27, 0.26 and 0.27
for

PEEK,

PEEK-10%DDGS-,

PEEK-10%Mo,

PEEK-10%Xonotlilte,

PEEK-

10%Cr2AlC, and PEEK-10%MoAlB respectively. SBF lubrication tribocouple of PEEK
versus stainless steel had µmean ~ of 0.22, 0.20, 0.08, 0.12, 0.16 and 0.09 for PEEK,
PEEK-10%DDGS500, PEEK-10%Mo, PEEK-10%Xonotlilte, PEEK-10%Cr2AlC, and
PEEK-10%MoAlB respectively. Result analysis of WR and µmean show that DDI water
and SBF lubrication reduces WR. Although in all the cases of PEEK-10%DDGS500,
PEEK-10%Mo, PEEK-10%Xonotlilte, PEEK-10%Cr2AlC, and PEEK-10%MoAlB
tribological performance was enhanced with lubrication as compared to dry tribocouple
but WR was higher than dry condition. Unal and Mimaroglu also found that the water
lubricated tribological performance of carbon reinforced PEEK composites had lower
coefficient of friction than that of dry condition [9]. Sumer et al., reported that pure PEEK
and PEEK + 30wt% glass fiber (GFR) composites exhibit lower friction coefficients
under water lubricated conditions as compared to dry sliding. They observed that specific
WR of PEEK and PEEK and PEEK + 30wt% GFR composite was 10−14m2/N under dry
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conditions and under water lubricated conditions were in the order of 10−15 m2/N. Based
on their results they concluded that specific WR influenced by influenced by the
environmental condition from dry to water lubricated [4]. Yamamoto and Takashima
[18] reported that coefficient of friction for PEEK/Steel was smaller in water than dry
sliding. But water lubrication potentially reduces the friction coefficient of filled PEEK
but with an increase in WR as compared to pure PEEK. To understand the effect of wet
lubrication we had evaluated the tribo surfaces for DDI water and SBF tribology.
4.3.1.1 Microstructure Analysis
Figures 4.4 a and b show the wear track scar on PEEK surface after DDI water
lubricated sliding against stainless steel. On closer inspection of wear track, we can
observe PEEK shows abrasive wear, which is also observed on the stainless-steel surface
(Figs 4.3 c, d). Figures 4.3 e and f show abrasive wear scar on PEEK surface after SBF
lubrication tribology against stainless steel surface. Stainless steel tribosurface of both
DDI water and SBF lubrication shows abrasive wear. Cracks on the PEEK surface
observed (Figs 4.3 a-d). Based on these results we can conclude that these cracks
appeared because of PEEK brittle behavior. Thus, cracks and breaking effect led to high
surface roughness which cause further breaking of more particles. These particles
entrapped between the counter-body and the surface cause high friction. The worn
surface morphology was observed. Notably the shape of wear scars is different for both
fluids.
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Figure 4. 4 SEM Image of Wear Track of PEEK and SS ball
Figure 4.4: SEM SE image of wear track of, (a) PEEK, (b) BSE image of the
same region, (c) Stainless steel ball, and (d) BSE image of the same region after
water tribology testing. (e) PEEK, (f) BSE image of the same region, (g) Stainless
steel ball, and (h) BSE image of the same region after SBF tribology testing.
PEEK, polyetheretherketone. SE, secondary electron; BSE, back scattered
electron; SEM, scanning electron microscopy.
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Petrica et al [1] also observed the similar trend on PEEK surface. Yamamoto and
Takashima [18] reported that hardness was decreased for PEEK sliding surface in water
lubrication which promoted the increase in WR. They also measured the hardness of
PEEK by immersing in water, but hardness was not decreased after immersion.
Figures 4.5 a and b shows the abrasive wear track scar on PEEK-10%DDGS500
surface after DDI water lubricated sliding against stainless steel. In this case minor
sliding marks are observed on PEEK-10%DDGS500, composite surface. Figures 4.4 e
and f shows abrasive wear scar on PEEK-10%DDGS surface after SBF lubrication
tribology against stainless steel surface. Transfer of tribo film was observed on stainless
steel surface (Figs 4.4 c, d g, and h) in both cases of DDI water and SBF.
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Figure 4. 5 SEM Image of wear Track of PEEK-10%DDGS and SS ball
Figure 4.5: SEM SE image of wear track of, (a) PEEK-10%DDGS, (b) BSE
image of the same region, (c) Stainless steel ball, and (d) BSE image of the same
region after water tribology testing. (e) PEEK-10%DDGS, (f) BSE image of the
same region, (g) Stainless steel ball, and (h) BSE image of the same region after
SBF tribology testing. PEEK, polyetheretherketone. SE, secondary electron;
BSE, backscattered electron; SEM, scanning electron microscopy.
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Figure 4. 6 SEM Image of Wear Track of PEEK-10%Mo and SS ball

Figure 4.6: SEM SE image of wear track of, (a) PEEK-10%Mo, (b) BSE image of the
same region, (c) Stainless steel ball, and (d) BSE image of the same region after water
tribology testing. (e) PEEK-10%Mo, (f) BSE image of the same region, (g) Stainless steel
ball, and (h) BSE image of the same region after SBF tribology testing. PEEK,
polyetheretherketone. SE, secondary electron; BSE, back scattered electron; SEM,
scanning electron microscopy.
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Figures 4.6 a and b show the results of wear track after DDI water sliding against
stainless steel balls. Closer inspection of the PEEK-10%Mo surface did not show
significant tribo-scars. Stainless steel sliding surfaces (Figs 4.5 c and d) showed material
transfer and the presence of few loose debris.
Figures 4.5 e and f show SBF tribology behavior against stainless steel ball which
shows minor sliding marks on PEEK-10%Mo composite surface and stainless-steel ball
sliding surface (Figs 4.5 g and h) shows transfer of tribofilm.
The tribo-analysis of Figs 4.7 a and b (DDI water lubrication) and Figs 4.7 d and f
(SBF lubrication) of PEEK-10%Xonotlite surface shows significant amount of wear
debris. In comparison, stainless steel sliding surface shows appreciable worn scars in
both the cases of DDI water and SBF lubrication.
PEEK-10%Cr2AlC (Figs 4.8 a, and b) and PEEK-10%MoAlB (Figs 4.9 a, and b)
surface for DDI water lubrication tribology showed similar behavior. Minor wear scars
on both composites surface and tribofilm transfer observed on the stain less steel surface
(Figs 4.7c, and d) and (Figs 4.8c, and d). PEEK-10%Cr2AlC (Figs 4.7 e, and f) and
PEEK-10%MoAlB (Figs 4.8 e, and f) surface for SBF lubrication tribology showed very
similar behavior after tribology (Figs 4.8 g, and h).
PEEK-Xonotlite showed highest WR. Xonotlite high brittleness were adding the
increase in the WR. Furthermore, in case of SBF stainless steel balls tribo corrosion effect
was also another reason for the higher WR. This effect can easily be observed in the SEM
images of SBF tribology sliding stainless steel images.
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Figure 4. 7 SEM Image o Wear Track of PEEK-10%Xonotlite and SS ball
Figure 4.7: SEM SE image of wear track of, (a) PEEK-10%Xonotlite, (b) BSE image of
the same region, (c) Stainless steel ball, and (d) BSE image of the same region after water
tribology testing. (e) PEEK-10%Xonotlite, (f) BSE image of the same region, (g)
Stainless steel ball, and (h) BSE image of the same region after SBF tribology testing.
PEEK, polyetheretherketone. SE, secondary electron; BSE, back scattered electron; SEM,
scanning electron microscopy.
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Figure 4. 8 SEM Image of PEEK-Cr2AlC and SS ball
Figure 4.8: SEM SE image of wear track of, (a) PEEK-10%Cr2AlC, (b) BSE image of the
same region, (c) Stainless steel ball, and (d) BSE image of the same region after water
tribology testing. (e) PEEK-10%Cr2AlC, (f) BSE image of the same region, (g) Stainless
steel ball, and (h) BSE image of the same region after SBF tribology testing. PEEK,
polyetheretherketone. SE, secondary electron; BSE, backscattered electron; SEM,
scanning electron microscopy.
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Figure 4. 9 SEM Image of PEEK-10%MoAlB and SS ball
Figure 4.9: SEM SE image of wear track of, (a) PEEK-10%MoAlB, (b) BSE image
of the same region, (c) Stainless steel ball, and (d) BSE image of the same region
after water tribology testing. (e) PEEK-10%MoAlB, (f) BSE image of the same
region, (g) Stainless steel ball, and (h) BSE image of the same region after SBF
tribology testing. PEEK, polyetherfetherketone. SE, secondary electron; BSE,
backscattered electron; SEM, scanning electron microscopy.
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PEEK-10%MoAlB/Stainless Steel

PEEK-10%Cr2AlC/Stainless Steel

PEEK-10%Xonotlite/Stainless Steel

PEEK-10%Mo/Stainless Steel

PEEK-10%DDGS/Stainless Steel

PEEK/Stainless Steel

Sample

Region
A1
A2
B1
B2
B3
C1
C2
C3
D1
D2
D3
D4
E1
E2
F1
F2
F3
F4
G1
G2
H1
H2
H3
I1
I2
I3
J1
J2
J3
K1
K2
K3
L1
L2
L3

C
74.88 ± 1.79
74.15± 0.21
7.6± 0.34
18.48± 0.78
9.07± 1.01
71.41± 0.47
60.47±
28.81± 1.39
18.60± 2.98
23.04± 7.47
21.42± 6.55
43.8±1.14
75.34± 0.64
16.43± 6.75
7.94± 0.99
11.05± 0.24
x
66.78± 0.81
73.86± 0.35
16.58± 0.0.56
5.79± 0.61
14.49± 0.20
76.79± 0.58
72.71± 0.29
53.01± 0.22
20.21± 4.42
1.09±0.07
7.29±1.31
27.66±2.94
73.38±0.71
18.79±0.49
11.25±3.32
5.14±0.42
13.57±2.41
8.87±1.83

O
N
Na
25.12± 1.79
25.85± 0.21
8.49± 0.15
x
x
x
x
49.20± 0.30
0.39± 0.08
28.19± 0.47
x
x
19.81± 0.49 14.79± 0.36 0.64± 0.12
44.64± 1.85
x
x
11.86± 0.97
x
3.60± 0.50
x
x
7.42± 0.41 4.66± 0.19
24.66± 0.64
58.74± 7.09
3.67± 0.21
12.47± 0.47
36.23± 0.68
22.00± 1.06
26.14± 0.35
x
38.27± 0.49
5.61± 1.05
34.71± 0.42
x
20.83± 0.58
27.01±0.29
31.82±0.51
2.6±0.27
x
x
x
16.64±2.24
26.62±0.711
43.55±0.72
5.89±0.48
x
37.10±1.18
x

P

K

Ca
x

x
0.48±0.05
0.33±0.05

x

x

x

x
23.01± 0.46
1.42± 0.07
24.89± 0.04
0.91± 0.02

x

x

x

x

x

Fe

1.92± 0.29
1.23± 0.24
1.05± 0.03
0.88± 0.16

x

Mg

x

x

x

Mo

x
24.83± 1.45
x
x
1.43± 0.14 1.61± 0.05
x
58.15± 0.91
1.42± 0.08 1.60± 0.08

x
1.24± 0.04
0.78± 0.33
x
66.73± 4.19
71.3± 6.79
76.95± 6.61
41.09± 0.93

0.85± 0.07 82.17± 0.41
1.4± 0.14 79.62± 0.79
0.66± 0.08 35.40± 1.00

Cr

1.22± 0.35 87.83± 0.35
x
1.07± 0.03 72.37± 0.43
5.61± 0.30
x
0.32± 0.03
7.87± 0.39
x
x
22.14± 9.52
1.13± 0.39 0.91± 0.07 85.13± 2.02
x
19.34± 0.37
6.06± 0.59 0.27± 0.02
x
x
0.61± 0.05
0.85± 0.07
x
0.28±0.01
x
x
3.32±0.08 10.18±0.26
50.72±2.92 1.25±0.13
1.55±0.10 97.36±0.17
3.41±0.26 88.83±1.47
x
4.98±1.23 48.32±1.09
x
x
x
x
0.55±0.03 36.25±0.50
x
x
42.35±1,41
1.63±0.08 93.68±0.42
0.78±0.092 47.23±2.17
x
1.13±0.11 89.99±1.81

0.89± 0.04
x
x
x
0.49± 0.13
0.28± 0.06 4.54± 0.08 0.31± 0.06 0.14± 0.02
x
x
x
x
1.88±0.10 1.16± 0.02
x
x
25.76 ± 0.19
0.89± 0.05
0.84± 0.08
x
0.57± 0.07
0.46± 0.00

Si

x

2.07±0.35
x
0.86±0.03
40.51±1.45
x
1.32±0.13
x

x

x
0.23± 0.0
x
x
1.67±0.03
25.22±1.36

x

x

Al

Table 4. 2 EDS analysis of water tribology regions

108

PEEK-10%MoAlB/Stainless Steel

PEEK-10%Cr2AlC/Stainless Steel

PEEK-10%Xonotlite/Stainless Steel

PEEK-10%Mo/Stainless Steel

PEEK-10%DDGS/Stainless Steel

PEEK/Stainless Steel

Sample

Region
A3
B4
B5
B6
C4
C5
C6
D5
D6
E3
E4
F5
F6
F7
G4
G5
G6
H4
H5
H6
H7
I4
I5
I6
J4
J5
J6
K4
K5
K6
L4
L5

C
70.79±0.11
9.54±1.71
35.84±1.37
44.23±0.40
71.61±0.62
69.35±23.34
13.33±2.83
12±6.03
36.23±3.05
70.810.54
20.80±9.41
14.1±4.39
9.59±2.61
12.15±0.80
71.95±0.32
51.67±1.16
12.12±0.34
12.39±3.23
41.10±1.44
13.19±3.68
6±0.57
72.69±0.43
15.28±2.03
66.52±0.61
6.99±0.084
6.58±0.42
7.35±0.23
73.31±0.64
12.7±2.96
67.62±0.96
5.95±0.42
7.13±0.64

O
29.31±0.11
3.57±0.036
20.23±0.593
16.18±0.53
28.39±0.62
20.27±8.92
43.59±1.17
1.38±0.49
2.97±0.201
29.19±0.54
12.81±2.43
1.75±0.25
2.75±0.95
43.74±0.78
28.05±0.32
30.03±0.87
56.11±0.42
18.75±0.85
22.02±0.31
4.91±0.13
40.58±7.85
26.94±0.47
3.11±0.23
22.83±0.50
x
48.4±2.64
4.81±0.43
26.69±0.64
11.87±0.38
23.89±0.84
4.34±0.049
51.45±0.88
x

x

x

x

x

x

x

x
0.62±0.060

x
0.41±0.085
x
0.92±0.134
0.42±0.11

x
1.81±0.45
x
0.63±0.072
1.33±0.045
4.63±0.086
5.06±0.24
x
0.64±0.13

x
1.74±0.058
0.973±0.023
x
1.37±0.054
1.3±0.15

x
4.26±0.093
4.67±0.040

x

Na

N

x

x

x
0.593±0.015

x
1.34±0.17

x

x

x

Ca

x
1.18±0.065

x

Fe

Mg

0.52±0.081 83.63±4.47
1.1±0.2 83.17±3.98
41.49±0.97
x

x
1.13±0.076 85.77±1.73
0.56±0.180 31.61±0.73 0.44±0.135
0.99±0.065 30.45±0.105 0.24±0.015
x
2.35±1.16
x
x
0.28±0.005 6.4±0.22 0.38±0.11
0.92±0.44 85.70±5.20
0.51±0.13 60.29±3.20

Cr

x

x

x
0.33±0.041
1.40±0.16 79.72±0.42
33.53±0.94
x

x

x
x
7.083±0.032
0.56±0.06
x
13.21±0.036
x
x
1.33±0.17 0.86±0.081 58.12±1.97
x
0.14±0.046 2.21±0.056 0.42±0.070 22.63±0.78 0.26±0.096
3.19±0.15 78.71±3.49
0.34±0.13 52.43±8.33
x
x
x
x
0.38±0.051
x
53.35±1.67
x
0.84±0.088 7.47±0.11
x
1.37±0.18 91.65±0.24
43.99±2.84
0.34
1.62±0.053 85.79±0.57
x

x

x

x
0.23±0.064

x
5.1±0.06
2.26±0.123
x
3.38±0.17
3.83±0.23

x
0.540.026
2.45±0.14
2.93±0.18

x

K

P

x
9.54±0.24
13.75±0.18
1.48±0.050
3.25±0.19

x
28.59±0.86

x

Si

x

x
28.26±0.60
0.35±0.092

Al

x

x
x
33.32±3.11 34.037±3.20
3.76±0.040 3.80±0.11

x

x

x
66.39±6.97

Mo

x
1.75±0.17

x
0.25±0.081

x
0.8±0.092
x
1.05±0.017
2.38±0.14

x
0.28±0.049
0.88±0.052

CL
0.226±0.011

x

x

x

x

x

x
3.00±0.334
x

x

In

x

x

x
3.396±0.51
x

Cu

x

x

x

x
8.073±3.165
x

x

B

x

x
8.58±0.19
5.51±0.29

Au

Table 4. 3 EDS analysis of SBF tribology regions

4.3.2. Bone Growth Evaluation
Pure PEEK SEM analysis do not have apatite Figs 4.10a and b form on the surface
at 1week. Same behavior was observed until week 4 (Figs 4.9 g and h). The EDS results
of microconstituent A1 (table 4.3) indicates there was not any apatite formation. Same
trend was observed on another PEEK sample surface for week 2(Figs 4.9 c and d), week
3(Figs 4.9 e and f) and week 4 (Figs 4.9 g and h). There was no Ca and P was observed.
Only minor amount of Ca was detected. Figure 4.11 shows scanning electron microscopy
results of bone formation on the surface of PEEK-10%DDGS500. Apatite formation was
observed at week 2 (Figs 4.10 c and d), week 3 (Figs 4.10 e and f) and week 4 (Figs 4.10
g and h). The EDS analysis of microconstituent also shows the presence of Ca and P.
Figure 4.12 shows scanning electron microscopy results of bone formation on the surface
of PEEK-10%Mo. Apatite formation clearly observed from week 1 through week 4 (Figs
4.11a and b), and week 4 (Figs 4.11 g and h). The EDS analysis of microconstituent also
evident of apatite formation. Figure 4.13 shows scanning electron microscopy results of
bone formation on the surface of PEEK-10%Xonotlite. Significant apatite formation
observed from week 1(Figs 4.12a and b), through week 4 (Figs 4.12 g and h). The EDS
analysis of microconstituent is also evident of apatite formation.
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Figure 4. 10 SEM Image of PEEK Bone Growth Behavior in SBF
Figure 4.10: SEM SE image of SBF soaked sample of, (a) PEEK, soaked in
SBF for one week, (b) BSE image of the same region, (c) PEEK, soaked in SBF
for two weeks, (d) BSE image of the same region, (e) PEEK, soaked in SBF for
three weeks, (f) BSE image of the same region, (g) PEEK, soaked in SBF for,
four weeks, (h) BSE image of the same region, polyetheretherketone. SE,
secondary electron; BSE, backscattered electron; SEM, scanning electron
microscopy.
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Figure 4. 11 SEM Image of PEEK-10%DDGS Bone Growth Behavior in
SBF

Figure 4.11: SEM SE image of SBF soaked sample of, (a) PEEK10%DDGS, soaked in SBF for one week, (b) BSE image of the same
region, (c) PEEK-10%DDGS, soaked in SBF for two weeks, (d) BSE
image of the same region, (e) PEEK-10%DDGS, soaked in SBF for three
weeks, (f) BSE image of the same region, (g) PEEK-10%DDGS, soaked in
SBF for, four weeks, (h) BSE image of the same region,
polyetheretherketone. SE, secondary electron; BSE, backscattered
electron; SEM, scanning electron microscopy.
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Figure 4. 12 SEM Image of PEEK-10%Mo Bone Growth
Behavior in SBF

.

Figure 4.12: SEM SE image of SBF soaked sample of, (a) PEEK-10%Mo, soaked in SBF for
one week, (b) BSE image of the same region, (c) PEEK-10%Mo, soaked in SBF for two weeks,
(d) BSE image of the same region, (e) PEEK-10%Mo, soaked in SBF for three weeks, (f) BSE
image of the same region, (g) PEEK-10%Mo, soaked in SBF for, four weeks, (h) BSE image
of the same region, polyetheretherketone. SE, secondary electron; BSE, backscattered electron;
SEM, scanning electron microscopy.
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PEEK-10%Cr2AlC showed minor apatite growth and bone growth formation is
evident from microconstituent EDS analysis at week 4 (Figs 4.14 g and h). Figure 4.15
shows that PEEK-10%MoAlB composites also improved apatite formation. These results
shows that PEEK composites improved apatite formation as compared to pure PEEK.
While PEEK-10%Mo and PEEK-10%Xonotlite showed most significant bone growth
among all reinforcements.

Figure 4. 13 SEM Image of PEEK-10%Xonotlite Bone Growth
Behavior in SBF
Figure 4.13: SEM SE image of SBF soaked sample of, (a) PEEK-10%Xonotlite, soaked in
SBF for one week, (b) BSE image of the same region, (c) PEEK-10% Xonotlite, soaked in
SBF for two weeks, (d) BSE image of the same region, (e) PEEK-10% Xonotlite, soaked in
SBF for three weeks, (f) BSE image of the same region, (g) PEEK-10% Xonotlite, soaked
in SBF for, four weeks, (h) BSE image of the same region, polyetheretherketone. SE,
secondary electron; BSE, backscattered electron; SEM, scanning electron microscopy.
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Figure 4. 14 SEM Image of PEEK-10%Cr2AlC Bone Growth
Figure 4.14:
SEM SE image SBF soaked sample of, (a) PEEK-10%Cr2AlC, soaked in SBF for
Behavior
in SBF
one week, (b) BSE image of the same region, (c) PEEK-10% Cr2AlC, soaked in SBF for two
weeks, (d) BSE image of the same region, (e) PEEK-10% Cr2AlC, soaked in SBF for three weeks,
(f) BSE image of the same region, (g) PEEK-10% Cr2AlC, soaked in SBF for, four weeks, (h)
BSE image of the same region, polyetheretherketone. SE, secondary electron; BSE, backscattered
electron; SEM, scanning electron microscopy.
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Ma and Guo [2] studied the in vitro bone growth in hydroxyapatite (HA) and
PEEK (HA/PEEK) bio composite. The study results showed that PEEK composite
samples exhibited better cell attachment, high alkaline phosphatase activity, spreading,
and proliferation, than those of UHMWPE and pure PEEK. The author reported that after
immersion in SBF for 7 days apatite islands formed on the HA/PEEK composite surface
and grew constantly with longer time periods. Authors also studied in vivo effect and
their results indicate that new bone growth around the HA/PEEK composite [2].
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Figure 4. 15 SEM Image of PEEK-10%MoAlB Bone Growth Behavior in
SBF
Figure 4.15: SEM SE image of SBF soaked sample of, (a) PEEK-10%MoAlB, soaked in SBF for
one week, (b) BSE image of the same region, (c) PEEK-10% MoAlB, soaked in SBF for two
weeks, (d) BSE image of the same region, (e) PEEK-10% MoAlB, soaked in SBF for three weeks,
(f) BSE image of the same region, (g) PEEK-10% MoAlB, soaked in SBF for, four weeks, (h)
BSE image of the same region, polyetheretherketone. SE, secondary electron; BSE, backscattered
electron; SEM, scanning electron microscopy.

116

Table 4. 4 EDS analysis of Different regions
Composition

WEEK
1
2
3
4

PEEK
1

2
3

4

PEEK-10%DDGS500
1

2

3

4
PEEK-10%Mo
1
2

PEEK-10%Xonotlite

3

4

1
2

BC2-10%Cr2AlC

3

4

1

2

PEEK-10%MoAlB

3

4

Region
A1
A2
A3
A4
A5
A6
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
F13
E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
E13

C
71.45± 0.48
70.4± 0.15
73.74± 0.10
71.58±0.58
69.80±0.34
68.77±0.19
61.25± 0.84
69.62± 1.07
68.77± 0.25
70.35± 0.27
20.06±0.42
68.93±0.46
10.39± 0.89
61.49± 0.88
70.91± 0.27
61.28± 1.22
69.65±0.60
37.85± 0.79
70.49± 0.14
55.75± 1.49
68.16± 0.50
71.14 ± 0.18
45.25± 1.29
27.98± 1.38
72.32± 0.38
73.94± 0.28
32.1 ± 0.22
47.08± 0.78
64.12± 0.84
69.61± 0.23
73.89± 0.24
44.12± 0.43
6.37± 0.67
73.35± 0.18
30.56± 0.48
77.66± 0.60
72.78± 0.53
17.24± 0.70
71.52± 0.94
71.20± 0.04
64.11± 0.75
61± 0.61
72.25± 0.02
49.36± 1.27
72.17± 0.40
37.82± 0.75
61.35± 1.63
63.89± 1.71
73.21± 0.55
49.65± 1.07
75.84± 0.25
41.56± 0.23
71.66± 1.02
65.94± 1.67
72.27± 1.42
72.88± 0.21
29.54± 5.83
64.60± 0.58
71.5± 0.40
62.26± 0.35
22.65± 1.88
71.53± 0.34
68.89± 0.73
65.11± 0.62
68.03± 0.01
68.25± 0.51
68.33± 1.15
66.33± 1.13

O
28.08± 0.47
28.48± 0.20
25.26± 0.10
28.42±0.58
30.08±0.36
31.05±0.38
28± 0.23
23.91± 2.00
31.10± 0.24
29.65± 0.27
58.70± 0.58
29.94± 0.58
3.26± 0.35
25.19± 1.15
28.98± 0.21
28.28±0.45
27.99± 0.78
47.54± 1.50
29.43±0.18
24.14± 1.14
26.94± 0.87
28.86± 0.18
43.48± 1.08
2.37± 0.26
20.98± 2.24
22.98± 0.35
40.18± 1.19
19.88± 0.77
27.27± 1.11
30.34± 0.28
24.41± 0.38
40.18± 0.55
53.69± 0.28
26.65± 0.18
0.59± 0.22
21.50± 0.70
24.80± 0.60
51.64± 0.43
27.77± 0.10
27.6± 0.07
27.17± 0.93
23.87± 0.63
27.45± 0.02
5.77± 0.78
27.38± 0.46
0.73± 0.17
7.26± 0.46
16.64± 0.22
26.79± 0.55
14.02± 1.07
22.06± 0.47
1.41± 0.27
27.07± 1.09
25.82± 5.25
22.11± 0.43
27.04± 0.21
13.51± 0.28
16.41± 0.66
27.67± 0.35
29.58± 0.29
13.35± 0.35
27.63± 0.54
15.82± 0.54
27.44± 0.80
30.93± 0.43
29.92± 0.44
31.52± 1.18
32.13± 1.20

Na
Si
0.14± 0.05 0.12± 0.03
0.25± 0.12 0.13± 0.01

P
x

Cl
Ca
0.18± 0.02 0.04± 0.04
0.44± 0.12 0.29± 0.10

N

Mg

Al

K

B

Mo

Cr

Fe

x
x
x

x
0.39±0.05
4.00± 0.33
x

0.10± 0.05
0±0
0.02± 0.04
0.09± 0.10
0±0
0.10± 0.09
x
0.05±0.05 0.02± 0.02 1.19± 0.10 0.23±0.01 8.68±1.04
0.06±0.01 0.02±0.01 1.64± 0.66 0.19± 0.05
0.06±0.06 0.01±0.01
x
0.06± 0.02
x
x

0.53± 0.10
29.65± 0.37
1.14±0.07
x
0.59± 0.02
0.35± 0.07
0.20± 0.04
x
0.23± 0.05
0.19± 0.07
0.69± 0.13
36.37± 0.43
4.06± 0.80
x
2.29± 0.13
14.17± 0.15
0.55± 0.06

x
0.03± 0.03
0.07± 0.01
0.08± 0.06
0.12± 0.05
0.06± 0.05
x
0.02± 0.02
x

20.87± 0.26
x
0.33± 0.03
26.7± 0.78
x
x
2.50± 0.24 0.53± 0.04 8.8± 0.52
x
x
0.07± 0.04
0.02± 0.03 0.29± 0.09 0.09± 0.01 9.36± 1.08
0.83± 0.06
x
0.25± 0.01
13.71± 0.66
x
x
0.01± 0.01
0.19± 0.03
x
0.1± 0.05
x
x
x
0.56± 0.25 0.50± 0.05 4.47± 0.12
32.16± 0.69
x
x
1.60± 1.15 0.10± 0.02
x
4.32± 0.11 3.12± 0.25 5.61± 0.02
1.62± 0.12 10.01± 0.54 2.12± 0.15
1.28± 0.09 1.28± 0.03 1.88± 0.12
x
0.03± 0.03
0.02± 0.04
0.01± 0.02
x
0.28± 0.04
x
13.65± 0.30 2.46± 0.04 21.09± 0.62

x
0.03± 0.05
x
x
1.34± 0.11 0.01± 0.02
2.02± 0.25 0.03± 0.01
x
x
x
68.85± 0.45
0.36± 0.18
0.18± 0.03 0.39± 0.02 0.63± 0.01
1.46± 0.05
10.8± 0.11
x
0.31± 0.05
x
x
0.66± 0.07
0.79± 0.09 2.11± 0.10
x
0.64± 0.07 8.43± 0.55
x
x
x
0.39± 0.10
x
x
61.02± 0.62
x
16.77± 0.97
0.37± 0.12 6.05± 1.10

x
0.13± 0.05
1.45± 0.08
x
x
0.59± 0.12
0.60± 0.16
x
0.5± 0.02

6.24± 0.76
4.75± 0.84
1.14± 0.04
0.92± 0.05 1.30± 0.05
0.90± 0.32 0.10± 0.02 0.02± 0.01
0.64± 0.22 0.21± 0.05
0.40± 0.07
0.12± 0.04
x
x
x
0.02± 0.03
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0.18± 0.03 0.19± 0.02
.28± 0.11
x
x
0.25±0.04
x
0.10± 0.01

x

x

x
x
0.26± 0.07
0.17± 0.04 0.16± 0.04

x
x
19.68± 0.56
4.59± 0.35
x
x
0.19± 0.03 5.05± 0.14
0.92± 0.10
x
0.94± 0.11
3.08± 0.01
10.91± 0.47
4.46± 0.26
x
3.39± 0.24

x
x
x
0.71± 0.07
0.28± 0.07
0.23± 0.02

x

x

x

1.65± 0.08
14.06± 0.22
x

x
0.70± 0.01

x

x

x

0.49± 0.16
1.10± 0.05
16.86± 0.26
0.40± 0.04
0.54± 0.05
4.73± 0.21
4.14± 0.47

x

x

x
0.54± 0.13
x
x
x
0.24± 0.04
0.47± 0.10 0.85± 0.02

x

x

x
x
29.13± 1.53
0.44± 0.05
0.42± 0.04
0.32± 0.05
3.33± 1.47

x

15.14± 0.59
x

14.3± 1.07
0.78± 0.16

4.87± 0.29
0.9± 0.30
56.73± 0.48
0.21± 0.11 0.02± 0.03
x
.27± 0.11 0.31± 0.08 0.52± 0.06
0.04± 0.04 0.09± 0.09
x
0.02± 0.02
x
1.01± 0.29 0.3± 0.05
x
0.01± 0.01
x
x
0.63± 0.06
0.22± 0.04
x
x

x

x

x

x

x

1.51± 0.50
16.15± 0.75
0.69± 0.06
0.30± 0.01
0.41± 0.06
2.06± 1.90
4.49± 1.07

x
0.07± 0.06
0.57± 0.11
0.07± 0.02
0.05± 0.06
0.21± 0.18
0.09± 0.01

x

x

x

0.26± 0.06
1.52± 0.10
0.03± 0.03
0.02± 0.03
0.03± 0.03

x

27.57± 2.82
9.43± 0.21
0.81± 0.05
0.32± 0.03
29.20± 0.97
x

x

15.31± 0.96
0.51± 0.04

x

x

x
0.5± 0.06
x
4.22± 5.48 0.56± 0.39
0.94± 0.43
x

x

x
x
x
x

1.51± 0.09 0.13± 0.02
0.19± 0.06 1.61± 0.05 0.15± 0.06
x
0.57± 0.16
x
x
1.55± 0.03

x

29.32± 1.01 5.47± 0.18
0.83± 0.22
2.38± 0.35
0.61± 0.10

x

x

x

4.4 Conclusion
In this work, PEEK-10%Cr2AlC, PEEK-10%MoAlB, PEEK-10%DDGS, PEEK10%Mo and PEEK-10%Xonotlie composites were evaluated for fluid tribology study in
the presence of DDI water and SBF. The addition of above listed particulates in the PEEK
stabilized the μ versus distance profile except PEEK-Xonotlite. PEEK-10% DDGS
showed the lowest friction coefficient under water sliding conditions. In contrast with
DDI water lubrication, PEEK-10%Xonotlite showed very stable μ behavior throughout
all the sliding distances in the presence of SBF. Microstructure analysis of pure PEEK
showed the presence of cracks which led to the high surface roughness which caused
further breaking of more particles. DDGS showed stable behavior in case of both water
and SBF tribology. While Xonotlite showed pull off debris and wear tracks in both case
of water and SBF. Bone growth study showed that PEEK-Mo and PEEK-Xonotlite
surfaces promote bone growth.
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CHAPTER V: PEEK MULTI COMPONENTS DESIGN AND
CHARACTERIZATION FOR EVALUATION OF BONE GROWTH AND
FUTURE WORK

5.1 Introduction
In this chapter, we are exploring the synergistic use of additives to improve the
performance of PEEK scaffolds. Based on the results of chapter II and III, we have
chosen three different additives for fabricating PEEK composites which are, pyrolyzed
distiller’s dried grains with soluble (DDGS500), Xonotlite, and MoAlB. Addition of
MoAlB and DDGS particulates improved the ductility, plastic behavior and tribological
performance, but wettability contact angle was still hydrophobic. On the other hand,
Xonotlite helped to improve the bone growth and hydrophilic behavior but deteriorated
the mechanical strength and tribological performance because of Xonotlite’s brittle
nature. Based on these results we hypothesized that the design of multicomponent PEEK
composites will further enhance the mechanical and tribological properties for
biomedical and functional applications. In addition, composites will also show
hydrophilic behavior as well as bone growth will also be improved.
Table 5.1 lists the composition of synthesized and characterized composites in this
study. In addition, NaCl was added as a pore former for improving the wettability.
The main objective of this study is to optimize a combination of these reinforcement
additives that can enhance the mechanical and tribological behavior and synergistically
improve the wettability and bone growth characteristics of PEEK.
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5.2 Experimental Details
5.2.1 Sample Fabrication
In this work, four different multicomponent composite systems (80% PEEK-10%
DDGS-10% Xonotlite,80% PEEK-10% DDGS-10% MoAlB, 80% PEEK-10%
Xonotlite-10% MoAlB, and 80% PEEK-6.6% DDGS-6.6% Xonotlite- 6.6% MoAlB)
and four different multicomponent composite systems with salt ( 40%PEEK-DDGSXono:50%NaCl, 40%PEEK-DDDS-MoAlB:50% NaCl, 40%PEEK-Xono-MoAlB:
50%NaCl, 40%PEEK-DDGS-Xono-MoAlB: 50% NaCl) were fabricated by hot
pressing.
The four multicomponent composite systems without salt were set aside for further
characterization, while the four multicomponent composite systems with salt went
through a washing procedure to remove the salt. Each multicomponent sample with salt
were placed in beakers filled with 500 mL of distilled (DI) water. The beaker was then
placed on the SH-2 magnetic stirrer with Teflon-coated stirrers which was maintained at
70 oC for 24 h. Aluminum foil was used to tightly cover the beaker to maintain the same
amount of water throughout for salt solubility. The samples were then removed and
placed in the box furnace for 24 h at 70 oC to thoroughly dry the samples. The Pure PEEK
samples were used as a control sample from non-salt multicomponent samples from our
previous work which were fabricated by the same procedure A 50% PEEK-NaCl sample
was made as a control for the salt multicomponent samples.
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5.3 Results and Future Work
Figure 5.1 shows the SEM analysis of dense and porous multicomponent samples
microstructure. We can be observed that all the particulates are well dispersed. In
addition, porous samples showed rough surfaces because of porosity and channels
created after removing NaCl by washing.
Table 5.1 shows the results of density, porosity, mechanical strength, and contact
angle. In the case of PEEK-10%DDGS-10%Xono, due to the presence of DDGS good
mechanical strength was observed despite the brittle nature of Xonotlite. Contact angle
was also observed as hydrophilic in the case of PEEK-5%Xono-5%MOAlB-50%NaCl
and PEEK-3.3%DDGS-3.3%Xono-3.3%MoAlB-50%NaCl samples.
One-week SBF immersed samples results showed bone growth and apatite
formation which is evident from the EDS results analysis (Table 5.2). We believe that
these samples will show more efficient bone growth. We highly recommended that PEEK
based multicomponent composites should be further explored to get combinatorial
improvement of wettability, mechanical strength, and bone growth in PEEK based
composites.
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Figure 5. 1 SEM Image of Multicomponent PEEK Composites
Figure5.1 : SEM SE image of the polished surface of, a) PEEK-10%DDGS-10%Xono,
b) PEEK-10%DDGS-10%Xono-50%Salt, c) PEEK-10%DDGS-10%MoAlB, d) PEEK10%DDGS-10%MoAlB-50%Salt, e) PEEK-10%Xono-10%MoAlB, f) PEEK10%Xono-10%MoAlB-50%Salt,, g) PEEK-6.6%DDGS-6.6%Xono-6.6%MoAlB, h)
PEEK-6.6%DDGS-6.6%Xono-6.6%MoAlB-50%Salt. PEEK, polyetheretherketone; SE,
secondary electron; BSE, back scattered electron; SEM, scanning electron microscopy.
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Table 5.1 Density, porosity, mechanical strength, and Contact angle
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Figure 5.2
5. 2SEM
SEMSE
Image
of of
Bone
of (a)
PEEK-10%DDGS-10%Xonotlite
in SBF
Figure
image
SBFGrowth
soakedBehavior
sample of,
PEEK-10%DDGS-10%Xonotlite,
soaked in SBF
Figure 5.2 PEEK-10%DDGS-10%Xonotlite, soaked in SBF for for one week, (b) BSE image of the same
region(c) PEEK-10%DDGS-10%Xonotlite, soaked in SBF for one week at higher magnification (d) BSE
image of the same region, polyetheretherketone. SE, secondary electron; BSE, back scattered electron;
SEM, scanning electron microscopy.
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Figure 5. 3 SEM Image of Bone Growth Behavior of PEEK-10%DDGS-10%MoAlB in SBF
Figure 5.3 SEM SE image of SBF soaked sample of, (a) PEEK-10%DDGS-10%MoAlB, soaked in SBF
for one week, (b) BSE image of the same region(c) PEEK-10%DDGS-10%MoAlB, soaked in SBF for one
week at higher magnification (d) BSE image of the same region, polyetheretherketone. SE, secondary
electron; BSE, back scattered electron; SEM, scanning electron microscopy.
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Figure 5. 4 SEM Image of Bone Growth Behavior of PEEK-10%Xonotlite-10%MoAlB in SBF
Figure 5.4 SEM SE image of SBF soaked sample of, (a) PEEK-10%Xonotlite-10%MoAlB, soaked in SBF
for one week, (b) BSE image of the same region(c) PEEK-10%Xonotlite-10%MoAlB, soaked in SBF for
one week at higher magnification (d) BSE image of the same region, polyetheretherketone. SE, secondary
electron; BSE, back scattered electron; SEM, scanning electron microscopy.
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Figure 5. 5 SEM Image of Bone Growth Behavior of PEEK-DDGS-Xonotlite-MoAlB in SBF
Figure 5.5 SEM SE image of SBF soaked sample of, (a) PEEK-6.6% DDGS-6.6%Xonotlite-6.6%MoAlB,
soaked in SBF for one week, (b) BSE image of the same region(c) PEEK-6.6% DDGS-6.6%Xonotlite6.6%MoAlB, soaked in SBF for one week at higher magnification (d) BSE image of the same region,
polyetheretherketone. SE, secondary electron; BSE, back scattered electron; SEM, scanning electron
microscopy.
Table 5.2 EDS of SBF soaked samples
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Appendix I

Substituting biomass for fossil fuel-based precursors in plastics manufacturing
holds promise for achieving certain sustainability goals [1]. It is estimated that
manufacturing plastics from biogenic resources could re duce greenhouse gas
emissions by up to 225% [2]. Further, plastics that feature end-of-life biodegradability
have potential to alleviate some of the environmental issues stemming from plastics
use [2]. More specifically, bioplastics have emerged as a promising solution. They can
be classified into three main categories: (a) bio-based and nonbiodegradable, (b) biobased and bio-degradable, and (c) petroleum-based and biodegradable (Fig. 1).
Currently, global use of bioplastics is <1% of the annual plastics production of roughly
367 million tons. However, it is predicted that bioplastics production will increase
from around 2.41 million tons in 2021 to approximately 7.59 million tons in 2026
(>2% of global plastics production) [3]. This article focuses on the potential of biomass
and bioplastics in the density, renewability, biodegradability, and good thermal
properties make these fibers suitable for a variety of applications [7]. Regarding
density, both flax and hemp are 40% lighter weight than glass fibers. Some
disadvantages of natural fibers involve quality issues that are further compounded by
weather, the hydrophilic nature of the fibers resulting in poor moisture resistance, low
fire resistance, limitations on processing temperatures, residual smell, and price
fluctuations due to harvesting variations [6,7]. Thus, manufacturers and end users must
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balance the advantages and disadvantages for large-scale use of these fibers. For
example, high quality jute fibers are standardized as Tossa Grade D[7]. automotive
industry.

NATURAL FIBERS Natural fibers such as bamboo, sisal, cotton, jute,
kenaf,coir, Industry al hemp, and banana have emerged as practical options for natural
reinforcemeats in polymers [4]. Faruk et al. classify fibers according to the schematic
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in Fig. 1b [5]. Figure 2 shows density and tensile strength for several natural fibers [6].
The combination of low cost, high specific strength, low density, renewability,
biodegradability, and good thermal properties make these fibers suitable for a variety
of applications [7].

Regarding density, both flax and hemp are 40% lighter weight than glass fibers. Some
disadvantages of natural fibers involve quality issues that are further compounded by
weather, the hydrophilic nature of the fibers resulting in poor moisture resistance, low
fire resistance, limitations on processing temperatures, residual smell, and price
fluctuations due to harvesting variations [6,7]. Thus, manufacturers and end users must
balance the advantages and disadvantages for large-scale use of these fibers. For
example, high quality jute fibers are standardized as Tossa Grade D [7].
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Bledzki et al. summarized those natural fibers blended with thermoplastics are well
accepted in the automotive industry for use in door liners/panels, parcel shelves, and
boot liners [7]. Some examples of fossil fuel-based thermoplastics include
polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyvinyl chloride
(PVC). Examples of fossil-fuel based thermosets include epoxy, polyester, and vinyl
ester. Most of the major car manufacturers including Audi (spare tire lining), BMW
(door and head liner panels), Ford (boot liner), Saab (door panels), and Volkswagen
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(boot lid) have integrated biofibers in their product lists (see Table 6, Ref. 7). By using
natural fibers, it is possible to reduce vehicle weight by 34%[8]. As an external
application, the 2018 Mercedes-Benz A-Class model uses a natural fiber mat coupled
with a thermosetting bonding agent for a sliding sunroof, replacing the traditional sheet
steel frame. In 2019, Porsche reported its 718 Cayman GT4 Clubsport as the world’s
first car to have exterior partsmade of hemp and flax natural fiber-reinforced
composites [8]. From these examples, the automotive industry ap pears to be a pioneer
in the design andimplementation of sustainable solutions. However, to create a truly
sustainable composite system, it is also critical to design a sustainable matrix that can
bind the natural fibers.
GREEN BIOPLASTICS
Figure 3 summarizes different types of biodegradable and renewable bioplastics
[9]. They can be derived by chemical processing, fermentation, and chemical
modification of natural products. Polylactic acid (PLA), polyhydroxyalkanoates
(PHAs), soy-based resins, and thermoplastic starch are some examples of promising
biodegradable bioplastics. PLA is a renewable biopolymer that can be produced from
corn and sugarcane [10]. It is one of the most studied sustainable polymers due to its
many advantages such as processability, good mechanical properties, biodegradability,
and biocompatibility [11].
Brittleness and low toughness are someof its limitations [10]. PHA biopolymers
are naturally produced from different microorganisms [12]. Biocompatibility,
biodegrade ability, and a thermoplastic type nature are the unique attributes of PHAs
[13]. Soybean oil-based triglyceride monomers such as maleinized hydroxylated
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soybean oil (HSO/M), maleinized soybean oil monoglyceride (SOMG/MA), and
acrylated epoxidized soybean oil (AESO) are major components of molding res in and
exhibit comparable properties to conventional polymers [14]. Starch is one of the
abundant plant-based renewable polysaccharides that is completely biodegradable
[15]. For example, thermoplastic starch (TPS) has applications for short life use such
as food packaging [16].
AUTOMOTIVE BIOCOMPOSITES: A SHORT HISTORY
Figure 4 shows a timeline of automotive applications using bioplastics and bio
composites [17-19]. Henry Ford proposed the idea of using bio-based materials in the
early 1930s [17]. These environmentally friendly materials enabled low emissions and
lightweight car bodies, which spurred extensive research by Ford Motor Company. On
August 13, 1941, at the annual Dearborn Days festival, the first car body made of
soybean plastics was unveiled [17]. Soybean, hemp, wheat straw, flax, and ramie were
claimed ingredients in the plastic panels, although the exact chemical composition is
not available. Nevertheless, it was reported that the car body weight was just two thirds
of a standard car of the time. The “Soybean Car” was unveiled by Henry Ford on
August 13, 1941, at Dearborn Days. The steel frame had 14 plastic panels attached to
it, made of soybeans, wheat, hemp, flax, ramie, and other ingredients, according to one
source. Lowell E. Overly, the car’s chief creator, claims the formula was “…soybean
fiber in a phenolic resin with formaldehyde used in the impregnation.” Courtesy of
The Henry Ford. Research into plastic cars was stalled by World War II and war
recovery efforts [17]. However, in recent years, several car companies have made
significant investments in the design and development of bioplastics and bio
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composites-based components (Fig. 4). In 2018, a group of researchers from
Eindhoven University of Technology in the Netherlands designed a car completely
made of bio composites. The chassis was made of PLA and the car weighed just 360
kg (794 lb), roughly a quarter of the weight of a typical mid-size car.

CHALLENGES AND RECOMMENDATIONS
Some critical challenges facing the use of bioplastics include the following: low
heat resistance; low strength (for example, starch is a hydrophilic additive that can
weaken

hydrophobic

polymers);

confusion

between

compostability

and

biodegradability (not all biodegradable materials are compostable); high cost (for
example, PHAcosts four times as much as conventional plastics); poor durability; and
lack of awareness regarding best practices for disposal [20,21]. From an engineering
perspective, it is possible to control strength and durability by focusing on
microstructure and a design that incorporates additives such as plasticizers,
multicomponent blends, and impact modifiers. Figure 5 shows the schematics of differ
ent types of microstructures that can be some critical challenges facing the use of
bioplastics include the following: low heat resistance; low strength (for example,
starch is a hydrophilic additive that can weaken hydrophobic polymers); confusion
between composability and biodegradability (not all biodegradable materials are
compostable); high cost (for example, PHA costs four times as much as conventional
plastics); poor durability; and lack of awareness regarding best practices for
disposal[20,21].
From an engineering perspective, it is possible to control strength and durability
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by focusing on microstructure and a design that incorporates additives such as
plasticizers, multicomponent blends, and impact modifiers.
Figure 5 shows the schematics of different types of microstructures that can be
attained by integrating particulates and fibers in the biopolymer matrix. For ex ample,
particles, short fibers, and continuous fibers can be integrated in the matrix (Fig. 5ac). Multilayered structures can be created by stacking fibers in different orientations
(Fig. 5d). In addition, it is also possible to tailor the porosity and design various types
of derivatives based on the results (Fig. 5e-f). Notta-Cuvier et al. used a tributyl citrate
(TBC) plasticizer and halloysite nanotubes (HNTs) synergistically in the PLA matrix
to enhance rigidity, strength, ductility, and toughness [22]. See Fig. 5afor an example
of this type of microstructure. Abu Aldam et al. showed that with solvent casting, a
PLA matrix canbe reinforced with crystalline PHA—another example of the Fig. 5a
microstructure [23]. Efendy et al. designed PLA composites by using discontinuous
harakeke and hemp fibers [24] (Fig. 5b). They subsequently designed mats by
alternating layers of PLA and PLA reinforced with up to 40 wt% fiber composites
(Fig. 5d). They also proposed that a rule of mixtures calculation can be effective in
predicting the strength of the composites.
Hinchcliffe et al. used continuous fiber strands of flax and jute to reinforce a
PLA matrix [25] (Fig. 5c). This group ob served enhanced 116%, 62%, 14%, and 10%
for tensile strength, stiffness to weight, flexural specific strength, and rigidity to
weight, respectively, as compared to PLA samples. Recently, Gupta et al. designed
biofoams by using lignin and wheat straw (WS) as precursors. The team reports an
ultimate compressive strength of lignin-50 wt% WS was ∼20.4 MPa after pyrolysis at
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300 °C [26] (Fig. 5e-f). Based on these research efforts, the future of bioplastics looks
promising in spite of the remaining challenges. ASTM D6400 is the standard for
compostable bioplastics, although composting can be done at home or in an industrial
setting. For example, PLA is compostable in an industrial setting compared to chitin
and PHA, which are compostable under home conditions. A common misconception
is that all biodegradable polymers are compos-table under home conditions [20]. In
order to develop better disposal practices for bioplastics, a public awareness campaign
should be created to inform various stakeholders about disposal and composting from
a circular economy perspective. Further research regarding precursors should be
explored to lower the cost of bioplastics. On average,998 million Mt of agricultural
waste are generated every year. This waste could potentially be used as a precursor for
manufacturing PHA by optimizing fermentation conditions [12]. Further, engineering
of blended designs that focus on binary and ternary blends is recommended to increase
the performance of bioplastics [23]. Finally, although natural fiber use has reached
maturity in industry, it could further benefit from strict quality standards. ~AM&P
For more information: Surojit Gupta, associate professor, University of North
Dakota, Upson Hall II, Room 274,243 Centennial Dr., Stop 8359, Grand Forks, ND
58202-8359, surojit.gupta@und.edu.

137

REFERENCES

Chapter I
1. Xuanzhe Ling, Xishuang Jing, Chengyang Zhang and Siyu Chen.2020.
Polyether Ether Ketone (PEEK) Properties and Its Application Status. IOP
Conf. Series: Earth and Environmental Science 453. doi:10.1088/17551315/453/1/012080
2. Sasuga T, Tagivara M. Mechancial relaxation of crystalline PEEK and
influence of electron beam irradiation [J]. Polymer, 2011, 27: 821-826.
3. C. Basgul, T. Yu, D.W. MacDonald, R. Siskey, M. Marcolongo, S.M. Kurtz.20
18. Structure–property relationships for 3d-printed peek intervertebral lumbar
cages produced using fused filament fabrication J. Mater. Res., 33 (2018),
pp. 2040-2051
4. Zhao.Y, H.M. Wong, W. Wang, P. Li, Z. Xu, E.Y.W. Chong, C.H. Yan, K.W.
K. Yeung, P.K. Chu.2013. Cytocompatibility, osseointegration, and bioactivity
of three-dimensional porous and nanostructured network on
polyetheretherketone. Biomaterials, 34, pp. 9264-9277.
5. S.M. Kurtz, An overview of PEEK biomaterials, In: PEEK biomaterials
handbook, William Andrew Publishing, 2012, pp. 1–7.
https://doi.org/10.1016/B978-1- 4377-4463-7.100016
6. Shivam Verma, Nitin Sharma, Saurabh Kango, Sumit Sharma.2021.
Developments of PEEK (Polyetheretherketone) as a biomedical material: A
138

focused review. European Polymer Journal. 147. 110295
7. A.A. Corvelli, P.J. Biermann, J.C. Roberts, Design, analysis, and fabrication of
a composite segmental bone replacement implant, J. Adv. Mat. 28 (1997) 2–8.
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt
=2779187.
8. S.M. Kurtz, J.N. Devine, PEEK biomaterials in trauma, orthopedic, and spinal
implants, Biomat. 28 (2007) 4845–4869, https://doi.org/10.1016/j.
biomaterials.2007. 07.013.
9. Fitzharris, E.R.; Watanabe, N.; Rosen, D.W.; Shofner, M.L. 2017. Effects of
material properties on warpage in fused deposition modeling parts. Int. J. Adv.
Manuf. Technol. 95, 2059–2070.
10. Watanabe, N.; Shofner, M.; Treat, N.; Rosen, D. 2016. A model for residual
stress and part warpage prediction in material extrusion with application to
polypropylene. In Proceedings of the 2016 Annual International Solid
Freeform Fabrication Symposium, Austin, TX, USA, 8–10.
11. M. Buciumeanu, S. Almeida, F. Bartolomeu, M.M. Costa, N. Alves, F.S. Silva,
G. Miranda, Ti6Al4V cellular structures impregnated with biomedical PEEKNew material design for improved tribological behavior, Trib. Int. 119 (2018)
157–164, https://doi.org/10.1016/j.triboint.2017.10.038
12. M.M. Costa, T.A. Dantas, F. Bartolomeu, N. Alves, F.S. Silva, G. Miranda, F.
Toptan, Corrosion behaviour of PEEK or β-TCP-impregnated Ti6Al4V SLM
structures targeting biomedical applications, Trans. Non. Met. Soc. Chi. 29
(2019) 2523–2533, https://doi.org/10.1016/S1003-6326(19)65160-5.
139

13. Tekin S, Adıgüzel Ö, Cangül S. An evaluation using micro-CT data of the
stress formed in the crown and periodontal tissues from the use of PEEK post
and PEEK crown: A 3D finite element analysis study. Int Dent Res
2018;8(3):144-50.
14. Katzer A, Marquardt H, Westendorf J, Wening J V, Foerster G Von.
Polyetheretherketone cytotoxicity and mutagenicity in vitro. Biomaterials.
2002; 23:1749–59.
15. Wenz LM, Memitt K, Brown SA, Moet A. In vitro biocompatibility of
polyetheretherketone and polysulfone composites. J. Biomed. Mater. Res.
1990; 24:207–15.
16. P Sundriyal, M Pandey and S Bhattacharya, Plasma-assisted surface alteration
of industrial polymers for improved adhesive bonding. Intl. J Adhesion
Adhesives. 101, 102626 (2020)
17. Schwitalla A, Mu W. PEEK Dental Implants: A Review of the Literature. J
Oral Implantol. 2013;39(6):743–9.
Chapter II
1. “PEEK biomaterials in trauma, orthopedic, and spinal implants.”, Steven
M.Kurtz, John N.Devine Biomaterials 28, 4845–4869 (2007).
2. “Mechanical and biological behavior of biomedical PEEK matrix composites:
A focused review”, Patricia R. Monich, Bruno Henriques, Antonio P. Novaes de
Oliveira, Júlio C. M. Souza, Márcio C. FredelM, aterials Letters 185, 593-597
(2016).
3. PEEK Biomaterials Handbook, 1st Edition, Editors: Steven Kurtz, Hardcover
140

ISBN: 9781437744637, (2011).
4. “Polyetheretherketone-cytotoxicity and mutagenicity in vitro”, A. Katzera, H.
Marquardt, J. Westendorf, J.V. Wening, G. von Foerster Biomaterials 23, 1749–
1759 (2002).
5. “Improved methods for MRI-compatible implants in nonhuman primates”,
Michael Ortiz-Riosa , Marcus Haag, Fabien Balezeau, Stephen Frey, Alex
Thiele, Kathy Murphy , Michael Christoph Schmid, Journal of Neuroscience
Methods 308, 377-389 (2018).
6. “Cell adhesion to PEEK treated by plasma immersion ion implantation and
deposition for active medical implants”, F. Awaja, D.V. Bax, S. Zhang, N.
James, D.R. McKenzie, Plasma Process. Polym. 9, 355–362 (2012)
http://dx.doi.org/10.1002/ppap.201100034.
7. “Reinforcement of polyetheretherketone polymer with titanium for improved
mechanical properties and in vitro biocompatibility”, H. D Jung, H. S Park, M.
H Kang, Y. Li, H. E Kim, Y. H Koh, Y. J. Estrin, Biomed Mater Res Part B
104B, 141–148 (2016).
8. “Preparation, Characterization, In Vitro Bioactivity, and Cellular Responses to
a Polyetheretherketone Bioactive Composite Containing Nanocalcium Silicate
for Bone Repair”, Rui Ma, Songchao Tang, Honglue Tan, Jun Qian, Wentao
Lin, Yugang Wang, Changsheng Liu, Jie Wei, and Tingting Tang, ACS Appl.
Mater. Interfaces 6, 12214-12225 (2014).
9. “Polyaryletherketone polymer nanocomposite engineered with nanolaminated
Ti3SiC2 ceramic fillers”, K.V. Mahesh, S. Balanand, R. Raimond, A. Peer
141

Mohamed, and S. Ananthakumar, Mater. Des. 63, 360 (2014).
10. “Synthesis and tribological behavior of novel wear-resistant PEEK–
Ti3SiC2 composites”, S Ghosh, R Dunnigan, S Gupta,

Proceedings of the

Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology.
231(3), 422-428 (2016).
11. “Synthesis

and

Tribological

Behavior

of

Novel

UHMWPE-Ti3SiC2

Composites”, S. Gupta and M. F. Riyad, Polymer Composites 39 (1), 254-262
(2018).
12. “Tribological Behavior of Novel Ti3SiC2 (Natural Nanolaminates)-Reinforced
Epoxy Composites during Dry Sliding”, S. Gupta, T. Hammann, R. Johnson &
M. F. Riyad, S Gupta, T Hammann, R Johnson, MF Riyad,

Tribology

Transactions 58 (3), 560-566 (2015).
13. “Synthesis and characterization of novel polymer matrix composites reinforced
with max phases (Ti3SiC2, Ti3AlC2, and Cr2AlC) or MoAlB by fused deposition
modeling”, Kathryn Hall, Maharshi Dey, Caleb Matzke, Surojit Gupta 1, 144154 (2019).
14. “The MN+1AXN phases: a new class of solids: thermodynamically stable
nanolaminates”, M.W. Barsoum, Prog. Solid State Chem. 28, 201–281 (2000).
15. “Synthesis and characterization of a remarkable ceramic: Ti3SiC2” , M.W.
Barsoum, and T. El-Raghy, J. Am. Ceram. Soc. 79, 1953–1956 (1996).
16. “Elastic and Mechanical Properties of the MAX Phases”, Michel W. Barsoum
and Miladin Radovic, Annu. Rev. Mater. Res. 41, 195–227 (2011).
17. “On the Chemical Diversity of the MAX Phases”, M. Sokol, V. Natu, S. Kota,
142

and M.W. Barsoum, Trends in Chemistry 1, 210-223, (2019).
18. “Synthesis and Characterization of Ti3AlC2”, Nikolay V. Tzenov, Michel W.
Barsoum 83, 825-832 (2000).
19. “Mechanical Properties of Cr2AlC Ceramics”, Wu-bian Tian, Pei-ling Wang,
Guo-jun Zhang, Yan-mei Kan, and Yong-xiang Li, J. Am. Ceram. Soc 90, 1663–
1666 (2007).
20. “Synthesis and Characterization of an Alumina Forming Nanolaminated Boride:
MoAlB”, Kota, S., Zapata-Solvas, E., Ly, A. et al Sci Rep 6, 26475 (2016).
https://doi.org/10.1038/srep26475.
21. “Novel MAB Phase-based nanolaminates suit high performance applications”,
Surojit Gupta, and Maharshi Dey, Advanced Materials & Processes 177, 22-26
(2019).
22. “Tribological

and

mechanical

properties

of

graphene

nanoplatelet/PEEK composites”, J.A.Puértolas, M.Castro, J.A.Morris, R.Ríos,
A.Ansón-Casaos, Carbon 141, 107-122 (2019).
23. “Morphological and physical properties and friction/wear behavior of h-BN
filled PEEK composite coatings”, Jirasak Tharajak, Tippaban Palathai,
Narongrit Sombatsompop, Surface and Coatings Technology 273, 20-29 (2015).
24. “Evaluation

of

tribological

behaviour

of PEEK and

glass

fiber

reinforced PEEK composite under dry sliding and water lubricated conditions”,
M. Sumer, H. Unal, A. Mimaroglu, Wear 265, 1061-1065 (2008).
25. “Wear studies on ZrO2-filled PEEK as coating bearing materials for artificial
cervical discs of Ti6Al4V”, Jian Song, Yuhong Liu, Zhenhua Liao, Song Wang,
143

Rajnesh Tyagi, Weiqiang Liu, Materials Science and Engineering C 691, 985994 (2016).
26. “Investigations on influence of nano and micron sized particles of SiC on
performance properties of PEEK coatings”, Ajay Kumar Kadiyala, Jayashree
Bijwe , Prashantha Kalappa, Surface and Coatings Technology 334, 124-133
(2018).
27. “The

friction

and

polyetheretherketone”,

wear

properties

of

Wang,

Qunji

Qihua

nanometer

SiO2

filled

Xue, Weichang

Shen,

Tribology International 30, 193-197 (1997).
28. “On the significant enhancement in the performance properties of
PAEK composite by inclusion of a small amount of nano-mica particles”,
Jitendra

Narayan

Panda, Jayashree

Bijwe, Raj

K.

Pandey,

Tribology International 136, 87-104 (2019).
29. “Wear and friction behaviour of poly-ether-ether-ketone (PEEK) filled with
graphene, WS2 and CNT nanoparticles” M. Kalin, M. Zalaznik, S. Novak, Wear
332–333, 855-862 (2015).
30. “Effect of the type, size and concentration of solid lubricants on the tribological
properties of the polymer PEEK”, M. Zalaznik, M. Kalin, S. Novak, G. Jakša,
Wear 364–365, 31-39 (2016).
31. “A study on friction and wear characteristics of nanometer Al2O3
/PEEK composites under the dry sliding condition”, Hong-Bin Qiao, Qiang
Guo, Ai-Guo Tian, Guo-Liang Pan, Le-Bo Xu, Tribology International 40, 105110 (2007).
144

32. “Microstructures and tribological properties of PEEK-based nanocomposite
coatings incorporating inorganic fullerene-like nanoparticles”, Surface and
Coatings Technology, 2287-2291 (2008).
33. “High Performance PEEK/AlN Micro- and Nanocomposites for Tribological
Applications”, R. K. Goyal,A. N. Tiwari, Y. S. Negi, Journal of Applied
Polymer Science 124, 4612–4619 (2012).
34. “Tribological

behaviors

of

hierarchical

porous PEEK composites with

mesoporous titanium oxide whisker”, Huaiyuan Wang, Shuai Zhang, Guiying
Wang, Shuhui Yang, Yanji Zhu. Wear 297, 736-741 (2013).
35. “Tribo-performance enhancement of PAEK composites using nano/microparticles of metal chalcogenides”, Jitendra Narayan Panda, Jayashree Bijwe, Raj
K. Pandey, Composites Science and Technology 167, 7-23( 2018).
36. “Methods for in vitro evaluating antimicrobial activity: A review”, Mounyr
Balouiri, Moulay Sadiki, Saad Koraichi Ibnsouda, Journal of Pharmaceutical
Analysis, 6,71-79(2016).
37. “Antibacterial Activity of Ti3C2Tx MXene”, Kashif Rasool, Mohamed Helal,
Adnan Ali, Chang E. Ren, Yury Gogotsi, Khaled A. Mahmoud ACS Nano ,
10, 3674-3684 (2016).
Chapter III
1. Katzer H. Marquart J. westendorf, J V Wening, Gvon Foerster,
"Polyetheretherketone cytotoxicity and mutagenicity in vitro," Biomaterials,
vol. 23, no. 8, pp. 1749-1759, 2002. https://doi.org/10.1016/S01429612(01)00300-3
145

2. Steven. M. Kurtz and John . N. Devine, "PEEK biomaterials in trauma,
orthopedic, and spinal implants," Biomaterials, vol. 28, no. 32, pp. 4845-4869,
2007, doi: https://doi.org/10.1016/j.biomaterials.2007.07.013.
3. Karen B Sagomonyants, Marcus L Jarman-Smith, John. N Devine, Michael S
Aronow and Gloria A Gronowicz, "The in vitro response of human osteoblasts
to polyetheretherketone (PEEK) substrates compared to commercially pure
titanium," Biomaterials, vol. 29, no. 11, pp. 1563-1572, 2008, doi:
https://doi.org/10.1016/j.biomaterials.2007.12.001.
4. Alexandra H C Poulsson, David Eglin, Stefan Zeiter, Karin Camenisch,
Christoph Sprecher , Yash Agarwal, Dirk Nehrbass, Joanne Wilson and Robert
G Richards, "Osseointegration of machined, injection moulded and oxygen
plasma modified PEEK implants in a sheep model," Biomaterials, vol. 35, no.
12,

pp.

3717-3728,

2014,

doi:

https://doi.org/10.1016/j.biomaterials.2013.12.056.
5. Yanyan Zheng, Chengdong Xiong, Zhecun Wang, Xiaoyu Li and Lifang
Zhang "A combination of CO2 laser and plasma surface modification of
poly(etheretherketone) to enhance osteoblast response," Applied Surface
Science,

vol.

344,

pp.

79-88,

2015,

doi:

https://doi.org/10.1016/j.apsusc.2015.03.113.
6. Firas Awaja, Daniel V. Bax, Shengnan Zhang, Natalie James and David R.
McKenzie, "Cell Adhesion to PEEK Treated by Plasma Immersion Ion
Implantation and Deposition for Active Medical Implants," Plasma Processes
and

Polymers,

vol.

9,
146

no.

4,

pp.

355-362,

2012,

doi:

https://doi.org/10.1002/ppap.201100034.
7. Rui Ding, Taijun Chen, Qizhen Xu, Ran Wei, Bo Feng, Jie Weng, ke Duan,
jianxin wang, Kai Zhang and Xingdong Zhang, "Mixed Modification of the
Surface Microstructure and Chemical State of Polyetheretherketone to
Improve Its Antimicrobial Activity, Hydrophilicity, Cell Adhesion, and Bone
Integration," ACS Biomaterials Science \& Engineering, vol. 6, no. 2, pp. 842851, 2020, doi: 10.1021/acsbiomaterials.9b01148 , note = PMID: 33464863.
8. Wei Liu, Jinhua Li , Mengqi Cheng, Qiaojie Wang, Yebin Qian, Kelvin W K
Yeung, Paul K Chu and Xianlong Zhang, "A surface-engineered
polyetheretherketone biomaterial implant with direct and immunoregulatory
antibacterial activity against methicillin-resistant Staphylococcus aureus,"
Biomaterials,

vol.

208,

pp.

8-20,

2019,

doi:

https://doi.org/10.1016/j.biomaterials.2019.04.008
9. Yun Liao, Liping Ouyang, Lei Ci, Baohui Chen, Dan Lv, Qin Li, Yingxiao
Sun, Jian Fei, Shisan Bao, Xuanyong Liu and Ling Li, "Pravastatin regulates
host foreign-body reaction to polyetheretherketone implants via miR-29ab1mediated SLIT3 upregulation," Biomaterials, vol. 203, pp. 12-22, 2019, doi:
https://doi.org/10.1016/j.biomaterials.2019.02.027.
10. Yuchen Zhu, Zhe Cao, Ying Peng, Liqiu Hu, tankut Guney and Bin Tang,
"Facile Surface Modification Method for Synergistically Enhancing the
Biocompatibility and Bioactivity of Poly (ether ether ketone) That Induced
Osteodifferentiation," ACS Applied Materials \& Interfaces, vol. 11, no. 31,
pp. 27503-27511, 2019, doi: 10.1021/acsami.9b03030, note = PMID:
147

31291088.
11. Wei Liu, Jinjua Li, Menggi Cheng, Qiaojie Wang, Kelvin W.K. Yeung, Paul
K.

Chu

and

Xianlong

Zhang,

"Zinc-Modified

Sulfonated

Polyetheretherketone Surface with Immunomodulatory Function for Guiding
Cell Fate and Bone Regeneration," Advanced Science, vol. 5, no. 10, p.
1800749, 2018, doi: https://doi.org/10.1002/advs.201800749.
12. Sunpreet Sing, Chander Prakash, Huaiyu Wang, Xue-feng Yu and Seeram
Ramakrishna, "Plasma treatment of polyether-ether-ketone: A means of
obtaining desirable biomedical characteristics," European Polymer Journal,
vol. 118, pp. 561-577, 2019. https://doi.org/10.1016/j.eurpolymj.2019.06.030
13. Jin Wen, Tao Lu, Xiao Wang, Lianyi Xu, Qianju Wu, Hongya Pan, Donghui
Wang, Xuanyong Liu and Xinquan Jiang "In Vitro and in Vivo Evaluation of
Silicate-Coated

Polyetheretherketone

Fabricated

by

Electron

Beam

Evaporation," ACS Applied Materials \& Interfaces, vol. 8, no. 21, pp. 1319713206, 2016, doi: 10.1021/acsami.5b10229, note = PMID: 27124890.
14. Rui Ma, Songchao Tang, Honglue Tan, Jun Qian, Wentao Lin, Yugang Wang,
Changsheng Liu, Jie Wei and Tingting Tang, "Preparation, Characterization,
In Vitro Bioactivity, and Cellular Responses to a Polyetheretherketone
Bioactive Composite Containing Nanocalcium Silicate for Bone Repair,"
ACS Applied Materials \& Interfaces, vol. 6, no. 15, pp. 12214-12225, 2014,
doi: 10.1021/am504409q, note = PMID: 25013988.
15. Joseph Khoury, Melissa Maxwell, Raymond E Cherian, James Bachand,
Arthur C. Kurz, Michael Walsh, Michel Assad and Richard C. Svrluga,
148

"Enhanced bioactivity and osseointegration of PEEK with accelerated neutral
atom beam technology," Journal of Biomedical Materials Research Part B:
Applied Biomaterials, vol. 105, no. 3, pp. 531-543, 2017, doi:
https://doi.org/10.1002/jbm.b.33570.
16. Shengnan Zhang,Firas Awaja, Natalie James, David R McKenzie and Andrew
J. Ruys, "A comparison of the strength of autohesion of plasma treated
amorphous and semi-crystalline PEEK films," Polymers for Advanced
Technologies,

vol.

22,

no.

12,

pp.

2496-2502,

2011,

doi:

https://doi.org/10.1002/pat.1791.
17. L. De Bartolo, A. Gugliuzza, S. Morelli, B. Cirillo, A. Gordano, and E. Drioli,
"Novel PEEK-WC membranes with low plasma protein affinity related to
surface free energy parameters," Journal of Materials Science: Materials in
Medicine, vol. 15, no. 8, pp. 877-883, 2004/08/01 2004, doi: 10.1023/B:
JMSM.0000036275.60508.50.
18. S.-W. Ha, R. Hauert, K.-H. Ernst, E. Wintermantel, "Surface analysis of
chemically-etched and plasma-treated polyetheretherketone (PEEK) for
biomedical applications," Surface and Coatings Technology, vol. 96, no. 2,
pp. 293-299, 1997, doi: https://doi.org/10.1016/S0257-8972(97)00179-5.
19. Annette Kienle, Alexander Krieger, Karel Willems and Hans-Joachim Wilke,
"Resistance of coated polyetheretherketone lumbar interbody fusion cages
against abrasion under simulated impaction into the disc space," Journal of
Applied Biomaterials \& Functional Materials, vol. 17, no. 2, p.
2280800018782854, 2019, doi: 10.1177/2280800018782854 , note = PMID:
149

30066601.
20. Chunrui Lu, Jian Wang, Xue Lu, Ting Zheng, “Wettability and Interfacial
Properties of Carbon Fiber and Poly (ether ether ketone) Fiber Hybrid
Composite," ACS Applied Materials \& Interfaces, vol. 11, no. 34, pp. 3152031531, 2019, doi: 10.1021/acsami.9b09735, note = PMID: 31369238.
21. Pei Feng, Ping Wu, Chengde Gao, Youwen Yang, Wang Guo, Wenjing Yang
and Cijun Shuai, "A Multimaterial Scaffold with Tunable Properties: Toward
Bone Tissue Repair," Advanced Science, vol. 5, no. 6, p. 1700817, 2018, doi:
https://doi.org/10.1002/advs.201700817.
22. Giuseppe Pezzotti, Elia Marin, Tetsuya Adachi, Federica Lerussi, Alfredo
Rondinella, Francesco Boschetto, Wenliang Zhu, Takashi Kitajma, Kosuke
Inada, Bryan J, McEntire, Ryan M.Bock, B.Sonny Bal and Osama Mazda.
"Incorporating Si3N4 into PEEK to Produce Antibacterial, Osteoconductive,
and Radiolucent Spinal Implants," Macromolecular Bioscience, vol. 18, 04
2018, doi: 10.1002/mabi.201800033.
23. Xiao Wang, Tao Lu, Jin Wen, Lianyi Xu, Deliang Zeng, Qianju Wu,
Lingyan Cao, Shuxian Lin, Xuanyong Liu and Xinquan jiang, "Selective
responses of human gingival fibroblasts and bacteria on carbon fiber
reinforced polyetheretherketone with multilevel nanostructured TiO2,"
Biomaterials,

vol.

83,

pp.

207-218,

2016,

doi:

https://doi.org/10.1016/j.biomaterials.2016.01.001.
24. Rui Ma and Tingting. Tang, "Current strategies to improve the bioactivity of
PEEK," (in eng), International journal of molecular sciences, vol. 15, no. 4,
150

pp. 5426-5445, 2014, doi: 10.3390/ijms15045426.
25. Xunzhi Yu, Shun Yao, Chang Chen, Jin Wang, yaomin Li, Youfa Wang, Ali
Khademhosseini, Jiangling Wan and Qingzhi Wu, "Preparation of Poly(etherether-ketone)/Nanohydroxyapatite Composites with Improved Mechanical
Performance and Biointerfacial Affinity," ACS Omega, vol. 5, no. 45, pp.
29398-29406, 2020/11/17 2020, doi: 10.1021/acsomega.0c04257.
26. Rui Ma and Qiankuan Li and Lin Wang and Xianghua Zhang and Lin Fang
and Zhongkuan Luo and Bai Xue and Lei Ma, "Mechanical properties and in
vivo study of modified-hydroxyapatite/polyetheretherketone biocomposites,"
Materials Science and Engineering: C, vol. 73, pp. 429-439, 2017, doi:
https://doi.org/10.1016/j.msec.2016.12.076.
27. Jennifer Knaus, Dietmar Schaffarczyk and Helmut Colfen, "On the Future
Design

of

Bio-Inspired

Polyetheretherketone

Dental

Implants,"

Macromolecular Bioscience, vol. 20, no. 1, p. 1900239, 2020, doi:
https://doi.org/10.1002/mabi.201900239.
28. D. N. Lytkina, Y. G. Shapovalova, L. A. Rasskazova, I. A. Kurzina, and A.
G. Filimoshkin, "Obtaining of biodegradable polylactide films and fibers
filled hydroxyapatite for medical purposes," AIP Conference Proceedings,
vol. 1688, no. 1, p. 060004, 2015, doi: 10.1063/1.4936055.
29. Artem

B.

Kutikov,

Jie

song,

"An

amphiphilic

degradable

polymer/hydroxyapatite composite with enhanced handling characteristics
promotes osteogenic gene expression in bone marrow stromal cells," Acta
Biomaterialia,

vol.

9,

no.
151

9,

pp.

8354-8364,

2013,

doi:

https://doi.org/10.1016/j.actbio.2013.06.013.
30. Keshun Liu, "Particle size distribution of distillers dried grains with solubles
(DDGS) and relationships to compositional and color properties," Bioresource
Technology,

vol.

99,

no.

17,

pp.

8421-8428,

2008,

doi:

https://doi.org/10.1016/j.biortech.2008.02.060.
31. S. Gupta, S. Javaid, M. Dey, C. Matzke, E. Eades, and Y. Ji, "Exploration of
Solvent Casting for Designing Engineered Microstructures for Biomedical
and Functional Applications," Journal of the American Ceramic Society.
2021; 00: 1– 18. https://doi.org/10.1111/jace.18104
32. Bajwa Dilpreet S, Otte John and David Sundquist, "Functionalized Distiller's
Dried Grains with Solubles for Improving Impact Properties of Polylactic
Acid," Journal of Biobased Materials and Bioenergy, vol. 9, no. 2, pp. 182187, 2015. DOI: https://doi.org/10.1166/jbmb.2015.1511
33. Yonghui Li and Xiuzhi. Susan Sun, "Mechanical and thermal properties of
biocomposites from poly (lactic acid) and DDGS," Journal of Applied
Polymer

Science,

vol.

121,

no.

1,

pp.

589-597,

2011.

https://doi.org/10.1002/app.33681
34. Weijie Xu, Narendra Reddy, and Yiqi Yang, "An acidic method of zein
extraction from DDGS," Journal of agricultural and food chemistry, vol. 55,
no. 15, pp. 6279-6284, 2007. https://doi.org/10.1021/jf0633239
35. Jonas Tallkvist and Agneta Oskarsson, "Chapter 47 - Molybdenum∗," in
Handbook on the Toxicology of Metals (Fourth Edition), F. N. a. B. A. F. a.
M. N. Gunnar Ed., Fourth Edition ed. San Diego: Academic Press, 2015, pp.
152

1077-1089.
36. Ribeiro Andreza M, Flores-Sahagun, Thais H. S, and Paredes Raamon C, "A
perspective on molybdenum biocompatibility and antimicrobial activity for
applications in implants," Journal of materials science, vol. 51, no. 6, pp.
2806-2816, 2016.
37. Gunter. Schwarz, Ralf. R. Mendel, and Markus. W. Ribbe, "Molybdenum
cofactors, enzymes and pathways," Nature, vol. 460, no. 7257, pp. 839-847,
2009/08/01 2009, doi: 10.1038/nature08302.
38. Ralf. R. Mendel, "The molybdenum cofactor," (in eng), The Journal of
biological chemistry, vol. 288, no. 19, pp. 13165-13172, 2013, doi:
10.1074/jbc.R113.455311.
39. N. T. C. Oliveira, A. C. Guastaldi, "Electrochemical stability and corrosion
resistance of Ti–Mo alloys for biomedical applications," Acta Biomaterialia,
vol.

5,

no.

1,

pp.

399-405,

2009,

doi:

https://doi.org/10.1016/j.actbio.2008.07.010.
40. José Anderson Machado Oliveira, Renato Alexandre Costade Santana, and
Alcides de OliveiraWanderley Neto

" Electrophoretic deposition and

characterization of chitosan-molybdenum composite coatings", Carbohydrate
Polymers,

255

(2021),

117382.

https://doi.org/10.1016/j.carbpol.2020.117382
41. Bernd Mainzer, Chaorong Lin, Martin Frieß, Ralf Riedel, Johann Riesch,
Alexander Feichtmayer, eMaximilian Fuhr, Jürgen Almanstötter, Dietmar
Koch, "Novel ceramic matrix composites with tungsten and molybdenum
153

fiber reinforcement", Journal of the European Ceramic Society, 41 (2021)
3030-3036.https://doi.org/10.1016/j.jeurceramsoc.2019.10.049
42. P. S. Uskokovic, Chak Yin Tang, Chi Pong Tsui, N Ignjatovic, D.P.
Uskokovic, "Micromechanical properties of a hydroxyapatite/poly-l-lactide
biocomposite using nanoindentation and modulus mapping," Journal of the
European Ceramic Society, vol. 27, no. 2, pp. 1559-1564, 2007, doi:
https://doi.org/10.1016/j.jeurceramsoc.2006.04.122.
43. Guangren Qian, Guangliang Xu, Heyu Li and Aimei Li, "Mg-Xonotlite and
its coexisting phases," Cement and Concrete Research, vol. 27, no. 3, pp. 315320, 1997, doi: https://doi.org/10.1016/S0008-8846(97)00018-5.
44. Diego Adolf Santamaria, Razo, Johan. Decrock, Ann Opsommer, Maarten.
Fabré, and Fernao. Persoon, "Promaxon® D in NAO Non Steel Disc Pad
Formulations the Importance in the Third Body Layer and its Effect on Brake
Noise," SAE International Journal of Materials and Manufacturing, vol. 9, no.
1, pp. 158-170, 2016, https://doi.org/10.4271/2015-01-2678.
45. Bhaskaranand Bhatt and Navnath Kalel, Ashish Darpe and Jayashree Bijwe,
"Promaxon-D reinforced brake-pads to ameliorate the noise-vibration
performance,"

Wear,

vol.

477,

p.

203808,

2021,

doi:

https://doi.org/10.1016/j.wear.2021.203808.
46. S. Javaid, M. Dey, N. Kaabouch, and S. Gupta, "On the potential of
polyetheretherketone

matrix

composites

reinforced

with

ternary

nanolaminates for tribological and biomedical applications," Journal of
Applied Polymer Science, vol. 138, no. 10, p. 49980, 2021, doi:
154

https://doi.org/10.1002/app.49980.
47. Igor Shishkovsky, Vladimir Sherbakov, Ildar Ibatullin, Vladislav Volchkov,
and Larisa Volova, Nano-size ceramic reinforced 3D biopolymer scaffolds:
Tribomechanical testing and stem cell activity. Composite Structures, 202,
651–659,2018, https://doi.org/10.1016/j.compstruct.2018.03.062.
48. Zhiyuan Jiang, Peng Liu, Hung-Jue Sue and Tim Bremner, (2019). Effect of
annealing on the viscoelastic behavior of poly(ether-ether-ketone). Polymer,
160, 231–237. https://doi.org/10.1016/j.polymer.2018.11.052.
49. Fatih Erdem Bastan, “Fabrication and characterization of an electrostatically
bonded PEEK- hydroxyapatite composites for biomedical applications”, J
Biomed

Mater

Res.

2020;108B:2513–2527,

https://doi.org/10.1002/jbm.b.34583
50. Lin Wang, Luqian Weng, Shenhua Song, Zhongyi Zhang, Shengli Tian, Rui
Ma,

"Characterization

of

polyetheretherketone–hydroxyapatite

nanocomposite materials", Materials Science and Engineering: A, Volume
528,

Issues

10–11, 25

April

2011,

Pages

3689-3696,

https://doi.org/10.1016/j.msea.2011.01.064
51. R.K.Goyal,Y.S.Negi, and A.N.Tiwari,"Preparation of high performance
composites based on aluminum nitride/poly(ether–ether–ketone) and their
properties", European Polymer Journal, Volume 41, Issue 9, September 2005,
Pages 2034-2044, https://doi.org/10.1016/j.eurpolymj.2005.04.009
52. M.C. Kuo, C.M. Tsai, J.C. Huang and M. Chen,

"PEEK

composites

reinforced by nano-sized SiO2 and Al2O3 particulates", Materials Chemistry
155

and

Physics, 90 (1) (2005),

pp. 185-195.

https://doi.org/10.1016/j.matchemphys.2004.10.009
53. Youngchul Lee, Roger S. Porter and S. Lin" On the double-melting behavior
of poly(ether ether ketone)", , Macromolecules 1989, 22, 4, 1756–1760,
https://doi.org/10.1021/ma00194a043
54. “Mechanical performance of PEEK produced by additive manufacturing”,
T.J.

HoskinsK.D. DearnS.N. Kukureka, Polymer Testing, Volume

70, September 2018, Pages 511-519.“
55. Nano-size ceramic reinforced 3D biopolymer scaffolds: Tribomechanical
testing and stem cell activity”, Igor Shishkovsky, Vladimir Sherbakov, Ildar
Ibatullin, Vladislav

Volchkov, Larisa Volova, Composite Structures,

Volume 202, 15 October 2018, Pages 651-659.
56. “The antibacterial and wear-resistant nano-ZnO/PEEK composites were
constructed by a simple two-step method”, Ting Wu, Xinyue Zhang, Kai
Chen, Qin Chen, Zhenyang Yu, Cunao Feng, Jianwei Qi, Dekun Zhang,
Journal of the Mechanical Behavior of Biomedical Materials,Volume
126, February 2022, 104986.
57. “Wear and tribofilm characterization of bamboo CNT (B-CNT)-peek
composite with incremental blending of submicron synthetic diamond
particles”, K.Vishal, K. Rajkumar, V.E.Annamalai, Wear Volumes 466–
467, 15 February 2021, 203556
58. “PEEK-matrix composites containing different content of natural silica fibers
or particulate lithium-zirconium silicate glass fillers: Coefficient of friction
156

and wear volume measurements”, Júlio C.M.Souza, Marta S.T.Correia,
Miguel NoronhaOliveira, Filipe S.Silva, Bruno Henriques, Antonio P.Novaes
de Oliveira, José R.Gomes, Biotribology, Volume 24, December 2020,
100147
59. “Recycled carbon fibers as reinforcements for hybrid PEEK composites with
excellent friction and wear performance”, Leyu Lin, Alois K.Schlarb, Wear,
Volumes 432–433, 15 August 2019, 202928
60. “Bioactive glass–chitosan composite coatings on PEEK: Effects of
surfacewettability and roughness on the interfacial fracture resistance andin
vitro cell response”, Wei Hong, Fangwei Guo, Jianwei Chen, Xin Wang,
Xiaofeng Zhao, Ping Xiao Applied Surface Science 440 (2018) 514–523.
61. “3D-printed porous PEEK scaffold combined with CSMA/POSS bioactive
surface: A strategy for enhancing osseointegration of PEEK implants”, Author
links open Zhewen Liu, Mei Zhang, Zihang Wang, Yilong Wang, Wenying
Dong, Wendi Ma, Shanshan Zhao, Dahui Sun, Composites Part B:
Engineering, Volume 230, 1 February 2022, 109512
62. “Bioinspired surfaces with wettability: biomolecule adhesion behaviors”,
H. Fan, Z. Guo, Biomater Sci, 8 (6) (2020), pp. 1502-1535.
63. Liaw, Joshua D., Dilpreet S. Bajwa, Jamileh Shojaeiarani, and Sreekala G.
Bajwa. "Corn distiller’s dried grains with solubles (DDGS)-A value added
functional material for wood composites." Industrial Crops and Products 139
(2019): 111525.
64. Tisserat, Brent H., HongSik Hwang, Steven F. Vaughn, Mark A. Berhow,
157

Steven C. Petersen, Nirmal Joshee, Brajesh N. Vaidya, and Rogers HarryO’Kuru. "Fiberboard created using the natural adhesive properties of distillers
dried grains with solubles." BioResources 13, no. 2 (2018): 2678-2701.
65. “Characterization of chars from pyrolysis of lignin”, Ramesh K Sharma, Jan
B Wooten, Vicki LBaliga, Xuehao Lin, W Geoffrey Chan, Mohammad
RHajaligol, Fuel, Volume 83, Issues 11–12, August 2004, Pages 1469-14
66. “Effect of carbonization temperature on mechanical properties and
biocompatibility of biochar/ultra-high molecular weight polyethylene
composites”, Suiyi Li, Yiyang Xu, Xin Jing, Galip Yilmaz, Dagang Li, LihSheng Turn, Composites Part B: Engineering, Volume 196, 1 September
2020, 108120.
Chapter IV
1.

M. Petrica, B. Duscher, T. Koch, and V.-M. Archodoulaki, “Studies on
tribological behavior of PEEK and PE-UHMW,” Graz, Austria, 2016, p.
070001. doi: 10.1063/1.4965533.

2. R. Ma and D. Guo, “Evaluating the bioactivity of a hydroxyapatiteincorporated polyetheretherketone biocomposite,” J. Orthop. Surg., vol. 14,
no. 1, p. 32, Jan. 2019, doi: 10.1186/s13018-019-1069-1.
3. D. J. Blundell and B. N. Osborn, “The morphology of poly(aryl-ether-etherketone),” Polymer, vol. 24, no. 8, pp. 953–958, Aug. 1983, doi: 10.1016/00323861(83)90144-1.
4. M. Sumer, H. Unal, and A. Mimaroglu, “Evaluation of tribological behaviour
of PEEK and glass fibre reinforced PEEK composite under dry sliding and
158

water lubricated conditions,” Wear, vol. 265, no. 7, pp. 1061–1065, Sep. 2008,
doi: 10.1016/j.wear.2008.02.008.
5. Q.-H. Wang, J. Xu, W. Shen, and Q. Xue, “The effect of nanometer SiC filler
on the tribological behavior of PEEK,” Wear, vol. 209, no. 1, pp. 316–321,
Aug. 1997, doi: 10.1016/S0043-1648(97)00015-X.
6. A. Kurdi, H. Wang, and L. Chang, “Effect of nano-sized TiO2 addition on
tribological behaviour of poly ether ether ketone composite,” Tribol. Int., vol.
117, pp. 225–235, Jan. 2018, doi: 10.1016/j.triboint.2017.09.002.
7. Y. Yamamoto and M. Hashimoto, “Friction and wear of water lubricated
PEEK and PPS sliding contacts: Part 2. Composites with carbon or glass
fibre,”

Wear,

vol.

257,

no.

1,

pp.

181–189,

Jul.

2004,

doi:

10.1016/j.wear.2003.12.004.
8. M. Jarman-Smith, “Evolving uses for implantable PEEK and PEEK based
compounds,” Med. Device Technol., vol. 19, no. 6, pp. 12–15, Oct. 2008.
9. H. Unal and A. Mimaroglu, “Friction and Wear Characteristics of PEEK and
its Composite under Water Lubrication,” J. Reinf. Plast. Compos., vol. 25, no.
16, pp. 1659–1667, Nov. 2006, doi: 10.1177/0731684406068406.
10. D. Choudhury, R. Walker, T. Roy, S. Paul, and R. Mootanah, “Performance
of honed surface profiles to artificial hip joints: An experimental
investigation,” 2013, doi: 10.1007/S12541-013-0247-Z.
11. S. Javaid, M. Dey, N. Kaabouch, and S. Gupta, “On the potential of
polyetheretherketone

matrix

composites

reinforced

with

ternary

nanolaminates for tribological and biomedical applications,” J. Appl. Polym.
159

Sci., vol. 138, Dec. 2020, doi: 10.1002/app.49980.
12. S. Javaid, M. Dey, C. Matzke, and G. Surojit, “Synthesis and Characterization
of Engineered PEEK-based Composites for Enhanced Tribological and
Mechanical Performance,” Journal of Applied Polymer Science, 2022.
13. T. Kokubo, “Bioactive glass ceramics: properties and applications,”
Biomaterials, vol. 12, no. 2, pp. 155–163, Mar. 1991, doi: 10.1016/01429612(91)90194-F.
14. T. Kokubo and H. Takadama, “How useful is SBF in predicting in vivo bone
bioactivity?” Biomaterials, vol. 27, no. 15, pp. 2907–2915, May 2006, doi:
10.1016/j.biomaterials.2006.01.017.
15. K. Tanaka and T. Miyata, “Studies on the friction and transfer of
semicrystalline polymers,” Wear, vol. 41, no. 2, pp. 383–398, Feb. 1977, doi:
10.1016/0043-1648(77)90016-3.
16. Z. P. Grozinskaya, M. Sh. Kadyrov, and P. I. Zubov, “Wear resistance of
polymer coatings in relation to their physico-mechanical properties,” Polym.
Mech., vol. 2, no. 5, pp. 405–411, Sep. 1966, doi: 10.1007/BF00858700.
17. J. K. Lancaster, “Lubrication of carbon fibre-reinforced polymers part I—
Water and aqueous solutions,” Wear, vol. 20, no. 3, pp. 315–333, Jul. 1972,
doi: 10.1016/0043-1648(72)90413-9.
18. Y. Yamamoto and T. Takashima, “Friction and wear of water lubricated
PEEK and PPS sliding contacts,” Wear, vol. 253, no. 7, pp. 820–826, Oct.
2002, doi: 10.1016/S0043-1648(02)00059-5.

160

Chapter V
APPENDICES
1.

J. Zheng and S. Suh, Strategies to Reduce the Global Carbon Footprint

of Plastics, Nat. Clim. Change, Vol 9, p 374-378, 2019.
2.

E. Van Roijen and S. Miller, A Review of Bioplastics at End-of-Life:

Linking Experimental Biodegradation Studies and Life Cycle Impact
Assessments, Resour. Conserv. Recycl., Vol 181, 106236, 2022.
3.

https://docs.europeanbioplastics.org/publications/market_data/Report_

Bioplastics_Market_Data_2021_short_version.pdf.
4.

H.T. Sreenivas, N. Krishnamurthy, and G.R. Arpitha, A Comprehensive

Review on Light Weight Kenaf Fiber for Automobiles, Int. J. Lightweight
Mater. Manu., Vol 3, p 328-337, 2020.
5.

O. Faruk, et al., Biocomposites Reinforced with Natural Fibers: 2000-

2010, Prog. Polym. Sci., Vol 37, p 1552-1596, 2012.
6.

M. Jawaid and H.P.S. Abdul Khalil, Cellulosic/Synthetic Fibre

Reinforced Polymer Hybrid Composites: A Review, Carbohydr. Polym., Vol 86,
p 1-18, 2011.
7.

A. Bledzki O. Faruk, and V. Sperber, Cars from Bio‐Fibres, Macromol.

Mater. Eng., Vol 291, p 449-457, 2006.
8.

V. Naik, M. Kumar, and V. Kaup, A Review on Natural Fiber Composite

Material in Automotive Applications, Engineered Science, Vol 18, p 1-10, 2022.
9.

M. Flieger, et al., Biodegradable plastics from renewable sources, Folia

Microbiol., Vol 48, p 27-44, 2003.
161

10.

N. Thummarungsan, et al., Influence of Graphene on Electromechanical

Responses of Plasticized Poly (Lactic Acid), Polymer, Vol 138, p 169-179,
2018.
11.

P. Saini, M. Arora, and M.N.V. Ravi Kumar, Poly (Lactic Acid) Blends

in Biomedical Applications, Adv. Drug Deliv. Rev., Vol 107, p 47-59, 2016.

12.

J. Wang, et al., A Review on Polyhydroxyalkanoate Production from

Agricultural Waste Biomass: Development, Advances, Circular Approach, and
Challenges, Bioresour. Technol., Vol 342, 126008, 2021.
13.

H. Pakalapati, et al., Development of Polyhydroxyalkanoates Production

from Waste Feedstocks and Applications, J. Biosci. Bioeng., Vol 126, p 282292, 2018.
14.

S. Khot, et al., Development and Application of Triglyceride‐Based

Polymers and Composites, J. Appl. Polym. Sci., Vol 82, p 703-723, 2001.
15.

A.M. Nafchi, et al., Thermoplastic starches: Properties, challenges, and

prospects, Starch-Starke, Vol 65, p 61-72, 2013.
16.

K.M. Villadiego, et al., Thermoplastic Starch (TPS)/Polylactic Acid

(PLA) Blending Methodologies: A Review, J. Polym. Environ., Vol 30, p 7591, 2022.
17.

https://www.thehenryford.org/collections-and-research/digital-

resources/popular-topics/soy-bean-car.
18.

http://adapt.mx/history-of-bioplastics-in-the-automotive-industry.

19.

https://bioplasticsnews.com/2019/11/26/history-bioplastics-automotive162

car-industry.
20.

Nandakumar, J. Chuah, and K. Sudesh, Bioplastics: A Boon or Bane?,

Renew. Sust. Energ. Rev., Vol 147, 111237, 2021.
21.

Bouzouita, et al., Poly (lactic acid)-Based Materials for Automotive

Applications. In: M. Di Lorenzo and R. Androsch (eds.), Industrial Applications
of Poly (lactic acid). Advances in Polymer Science, Vol 282, Springer, Cham.
https://doi.org/10.1007/12_2017_10.
22.

D. Notta‐Cuvier, et al., Tailoring Polylactide Properties for Automotive

Applications: Effects of Co‐Addition of Halloysite Nanotubes and Selected
Plasticizer, Macromol. Mater. Eng., Vol 300, p 684-698, 2015.
23.

S. Abu Aldam, et al., On the Synthesis and Characterization of Polylactic

Acid, Polyhydroxyalkanoate, Cellulose Acetate, and Their Engineered Blends
by Solvent Casting, J. Mater. Eng. Perform., Vol 29, p 5542-5556, 2020.
24.

M.G. Aruan Efendy and K.L. Pickering, Comparison of Strength and

Young Modulus of Aligned Discontinuous Fibre PLA Composites Obtained
Experimentally and from Theoretical Prediction Models, Compos. Struct., Vol
208, p 566-573, 2019.
25.

S. Hinchcliffe, K. Hess, and Wil Srubar III, Experimental and

Theoretical Investigation of Prestressed Natural Fiber-Reinforced Polylactic
Acid (PLA) Composite Materials, Comp. B. Eng., Vol 95, p 346-354, 2016.
26.

S. Gupta, et al., On the Design of Novel Biofoams Using Lignin, Wheat

Straw, and Sugar Beet Pulp as Precursor Material, ACS Omega, Vol 5, p 1707817089, 2020.
163

